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ABSTRACT 
The SMA was studied for their macroscopic application in damping for Civil Engineering. The 
study is a synthesis and includes an outline of the models required for the SMA simulation and 
some case studies using the Finite Element Analysis methods. This work is an overview that 
focuses in the mitigation of the oscillations in structures induced by earthquakes, and for a reduction 
of the oscillations amplitude in stayed cables under the action of rain, wind or traffic. The analysis 
needs the required conditions for each application determining the working conditions. The study 
includes the number of working cycles, the temperature effects and the cooling actions and, for 
instance, the action of the cycling frequency. The main target relates the appropriateness of the 
SMA for each purpose, and the suitability of the SMA device is always experimentally guaranteed. 
Furthermore, the applicability of the obtained results for SMA and the practical behavior of the 
SMA dampers were studied in international facilities. The paper includes appropriate suggestions 
for a correct preparation of the SMA dampers. This work outlines the effects of stress and 
temperature aging in NiTi, describes the particular structural effects between 18R and 6R, 
introduces a first attempt in the dynamic properties of the CuAlBe single crystals and summarizes 
some recent suggestions for damping using SMA.  
 
Keywords: martensitic transformation, phase transitions, hysteretic behavior, damping, static and 
dynamic evolutions, SMA, CuAlBe, damping, aging, fatigue, thermomechanical treatment. 
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PART ONE 
 
 
The Martensitic Transformation (MT) is the origin of the unique properties of Shape Memory 
Alloys (SMA) [1-2]. MT is a first-order phase transition between metastable phases with hysteresis. 
The transformation takes place with small displacements of the atoms and without any change in 
the positions of the neighboring atoms: atomic order is conserved in the transformation. The 
transformation can be induced by temperature or by external forces, such as traction or 
compression. In temperature-induced transformations, Ms (martensite start) denotes the starting 
temperature. The Mf (martensite finish) temperature determines the end of the transformation and 
As and Af denote the austenite start and the austenite finish temperatures, respectively. This part 
was devoted to general contents and properties of the SMA appropriate for damping of oscillations. 
In particular, for reduction of oscillations appeared in Civil Engineering structures.  
 
1. Introduction  
 
Interest in Shape Memory Alloys has been increasing over the last three decades because of the 
potential applications of SMA. This interest has recently been enhanced by the inclusion of standard 
courses on smart materials in the core engineering curriculum at many universities all over the 
world. Thus far, SMA have mainly been applied to the health field. For example, the classical NiTi 
alloys [3-4] and the newly developed Ti-based alloys have been attracting interest because their 
biological compatibility in practical situations.  NiTi practically works as an innocuous substance in 
the human body. In recent years, a focused axis of Ti-based alloys (without Ni) has been in 
continuous research by the Miyazaki group in Tsukuba [5-8]. Several SMA applications are on the 
market, such as stents, chirurgical tools, orthodontic wires or bolts and elements for bone or teeth 
reconstruction. The number of useful and efficient applications has also increased in other fields, for 
instance, in automotive and consumer electronics, but still comprises a relatively small number. 
Several applications may be found in references [9-11].  
 
In recent years, the potential application of shape-memory alloys (SMA) in damping devices for 
civil structures has attracted increasing interest. These damping devices are used to smooth 
oscillations, which can be produced by earthquakes, winds, rain, traffic, etc., in buildings and 
bridges. The pseudo-elastic effect and the hysteresis cycle that are associated with the martensitic 
transformation in SMA have been proposed as a mechanism for converting the mechanical energy 
of the oscillations into heat. Several researchers are working on using SMA in damping devices for 
civil engineering [12-20]. Details can be found in the reviews of R. DesRoches (Atlanta, USA) and 
M. Dolce (Basilicata, Italy) [21-23]. Re-centering is a problem that is encountered with the use of 
bearings in base-isolated buildings, for instance. Different applications have been proposed for the 
positive re-centering action of the pseudo-elastic effect in various papers. For example, a mixture of 
martensitic and pseudo-elastic bars has been considered to facilitate damping and re-centering 
actions.  
 
Recently, SMA have been studied as passive elements in damping for civil structures that use the 
hysteresis cycle. In this case, the SMA converts the mechanical energy of the oscillations of the 
structure into heat that is dissipated to the surroundings. However, dampers that have been built 20 
years ago have exhibited several potential difficulties
1
. When SMA dampers are to be used in 
                                               
1 Poor information is available on the NiTi dampers that were installed on the roof of the Basilica of “San Francesco 
d'Assisi” (in Assisi, Perugia, Italy) by the ISTECH project [28]. Ambient temperature effects on the SMA [29] are not 
considered to affect SMA behavior. The temperature differences between sunny summer days and cold winter days for 
the ceramic roof of the Basilica are probably 60 or 70 K. Using a value of 6.3 MPa/K for the Clausius-Clapeyron 
coefficient, the total change in the stress for a 70 K is approximately 450 MPa. Thus alloy remains in the martensite 
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mitigation of earthquake effects, they need to be guaranteed for their appropriate requirements. For 
instance the immediate list of requirements associated to the application need to be evaluated:  
 
-the damper length need to remain invariant  
The effects associated to progressive deformation on cycling need to be minimized or avoided via 
the appropriate training of thermo-mechanical treatment.  
-self-heating not relevant or well determined.  
The self-heating needs to be evaluated or quantified. The heat dissipated by the hysteresis, goes 
abroad by transmission to surroundings but other part increases the temperature of the specimen. 
The associated increase of the stress can be relevant by the action of the Clausius-Clapeyron 
thermodynamic equation. 
-dampers with re-centering availabilities are desirable.  
The pseudo-elasticity with their transformation and retransformation processes recovers their 
initial position. On cycling with SMA dampers the structure oscillates with reduced amplitude and 
recovers the original position or re-centering availability.  
-oscillation’s interval (earthquake + replica’s): 4 to 6 minutes 
The fatigue-life of the material needs to be, at least, that overcomes 1000 working cycles (the 
length of time of one earthquake is close to 1 minute plus N aftershocks or replicas represent (1 + N 
minutes). With a frequency oscillation of 1 Hz a satisfactory behavior up to 1000 working cycles 
was required.  
-time scale, for instance, several decades between quakes.  
It’s necessary that the eventual time effects induced by diffusion (i.e., by precipitate accretion) or 
by evolution of the atomic order was avoided or quantitatively determined to be non-relevant for 
the expected times.  
-high number of daily and yearly (summer-winter) temperature wave.  
The action of 10 or more summer-winter yearly temperature (inside the house) effects would not 
dangerously modify the required properties of the SMA or their working capacity (the changes of 
transformation temperature have to be non-relevant).  
 
The requirements for the use of SMA to damping of stayed cables are similar to the ones required 
in damping of earthquake effects, but the number of cable oscillations is large in comparison with 
the requirements for earthquakes. A strong storm can last 3 days and the number of oscillations is 
highly relevant. For instance, in the Iroise bridge (1 and 3 Hz of natural frequencies) or in St 
Nazaire bridge (18 Hz) the number of working cycles is close to 0.8 or to 4 millions. On the other 
hand, the time between the installation of SMA and the storms would be relatively short and 
remains under one year. In mitigation of the oscillations in stayed cables for bridges the main 
requirements are:  
 
-the damper length need to remain invariant  
The SMA creep effect needs to be minimized via appropriate training and/or thermo-mechanical 
treatment, as with the case of damping earthquakes.  
-self-heating not relevant.  
Use of short deformation (1-2 %) induces reduced temperature wave on the SMA with low stress 
effects, compared with the case of damping earthquakes. Analysis of series of cycles with 
intermediate stops corresponding to several pauses between storms is also necessary.  
-dampers with recoverable behavior (re-centering availabilities) are positive.  
The pseudoelastic behavior permits that the damper tracks the cable without relevant plastic 
(permanent) deformation, as in the case of damping earthquakes.  
-larger fatigue life overcoming several millions of working cycles 
                                                                                                                                                            
phase in the winter and in the austenite phase in the summer without transformation, which can result in crash from the 
increased stress and a reduced fracture-life at higher stresses of the alloy. 
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In one powerful storm, in 3 or 4 days the expected number of working cycles is a function of the 
cable main frequencies but, in general, overcomes one million of cycles. Use of lower deformation 
permits an appropriate fracture-life. The requirement is different that in the case of damping 
earthquakes.  
-daily temperature wave and, eventually, direct sunlight actions  
The “room temperature” effects need to be evaluated at least for one year of continuous action. 
Usually, the damper might be in a less thermally protected environment compared to the damping 
of earthquakes, so daily temperature wave will be more relevant.  
-direct rain (water) over the damper without corrosion or oxidation 
The NiTi is the recommended alloy with appropriate properties that avoids the corrosive actions. 
The case of damping earthquake effects can be done most of the times with more protected dampers 
(in interior situation) and then Cu alloys might be also used.  
 
As a consequence, the material properties have to be checked to accomplish with the requirements 
in each case. The many relevant parameters that must be tuned to the practical requirements of the 
desired applications should be carefully analyzed. These parameters can be divided into those 
affected by material conditions and those associated with the mechanical and the coupled thermo-
mechanical aspects of the application.  
 
- Material condition parameters: The pseudo-elastic behavior of a given alloy very often depends 
strongly on the internal state of the material. The following material characteristics should be 
considered: the microstructure, including the grain size, the homogeneity of the composition, 
precipitates, crystallographic texture, defects as dislocations, stacking faults, etc. In addition, long 
time aging at the working conditions can eventually change the transformation temperatures and 
affect phase stabilization because of atomic diffusion.  
 
- Mechanical parameters: The mechanical aspects of SMA are mainly related to the hysteresis 
width that is associated with the pseudo-elastic cycle and the amount of the recoverable pseudo-
elastic strain. The greater the hysteresis area, the larger is the dissipated energy of each cycle, which 
increases the efficiency of the damping device. Pseudo-elastic cycles have also generally been 
observed to evolve on cycling. The transformation and/or retransformation stress changes with 
cycling, which can diminish the recoverable pseudo-elastic strain. An asymptotic steady-state 
behavior can be obtained in many cases that are a useful state for the applications reviewed here. 
The number of cycles to fracture near the working conditions is also a fundamental parameter.  
 
- Coupled thermo-mechanical parameters Critical stresses induce the pseudo-elastic effect as a 
function of the working temperature in accordance with the Clausius-Clapeyron (CC) equation [24-
27]. The latent heat of the martensitic transformation in turn depends on the applied transformation 
stress. Thus, the specimen temperature depends on the conditions affecting the 
dissipation/absorption of the latent heat during the transformation/retransformation. These 
conditions are governed by the following parameters: the deformation rate, the dissipation medium 
of the surroundings (for example, air in a convection process), the specimen size, and so on. The 
pseudo-elastic behavior and the damping capacity are governed by the CC equation in two ways. 
One mechanism involves significant changes in the specimen temperature from either the self-
heating phenomenon and/or changes in the working temperature. These two concomitant processes 
change the transformation stresses. Consequently, the stiffness and the resonance frequencies of 
structures with an integrated SMA damping device depend on the specimen temperature. The 
second mechanism is related to the shape of the hysteresis cycle, whereby the hysteresis area is 
itself dependent on the various aforementioned conditions. The considerable complexity of all these 
coupled phenomena dictates that the real behavior of SMA elements must be experimentally tested 
to fulfill the requirements of the respective application.  
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Hysteresis in the temperature and the stress appears because of intrinsic actions between inter-
phases and dislocations, at grain boundaries and in precipitates. In stress-induced hysteresis, the 
internal interactions contribute to the hysteresis width. The macroscopic temperature changes 
produced by local temperature modifications by the absorbed / released latent heat must be 
accounted for. The dissipated power in the sample, which is associated with the cycling rate, heat 
transfer and convection also critically influence the sample temperature values. Therefore, the stress 
required for interface displacement changes and modifies the hysteresis width. Other specific 
changes may be caused by the temperature or stress aging. Figure 1 shows a temperature-induced 
transformation for NiTi as an example. The investigated temperature span was from 323 K to 193 
K; the measured hysteresis was affected by calorimetric uncertainty and the value of temperature 
rate. Figure 1 A show the effect of aging at 373 K for several months for a parent to R-phase 
transformation: this case corresponds to approximately 20 K/year of aging. Figure 1 B shows 
hysteresis cycling between 100 and 300 K. The “two” hysteresis widths roughly correspond to the 
two consecutive NiTi transitions. The first transition that occurred in cooling the aforementioned 
example corresponded to the transformation from parent to R and later from R to martensite. In 
cooling, the uncertainty in the base line was highly significant, so that the results were purely 
qualitative. In heating, the two peaks overlapped, which produced minimal deformation of the 
integrated line. 
 
Figure 2 shows the hysteresis cycles in stress-strain coordinates for poly-crystalline CuAlBe (A) 
and commercial NiTi wire (B-C) of two diameters. The investigated NiTi wire samples had lengths 
of 118.8 mm and 1005 mm and diameters of 2.46 and 0.5 mm, respectively. The figure shows the 
effects on cycling by the NiTi wire diameter.  “Similar” behavior was observed for CuAlBe (A, 
with =3.14 %, = 3.4 mm and 30 cycles at 0.05 Hz) and the NiTi (B) samples after 100 cycles at 
0.01 Hz. In contrast, the behavior of the thinner wire after cycling at 16 min/cycle was 
macroscopically different, with “flat” transformation and retransformation curves (flag-shaped 
mechanical cycles on stress-strain, fig 2 C). Only after a large number of faster cycles and a higher 
deformation strain (i.e., up to 9 %), did the hysteretic shape of the NiTi sample for the thin wire 
(0.5-mm diameter) resemble that of the thick wire (2.46-mm diameter).  
 
Figure 1. Hysteresis cycles determined from calorimetric measurements by temperature induced 
transformation of NiTi alloy (parent to R-phase)). Left: thinner hysteresis cycle in NiTi alloy for 
parent to R-phase transformation. Right: larger histeresis width in NiTi expanded temperature 
scale (from 100 to 300 K). 
  
Let us consider in greater detail SMA applications that reduce oscillations that are induced by an 
earthquake in structures or are produced by wind, rain or traffic in stayed cables for bridges. The 
following aspects should be considered when investigating the mitigation of the effects of 
earthquakes in civil structures. Only several hundred cycles of a good response of the SMA damper 
can be expected during an earthquake [30]. A “good” response is defined as a reproducible 
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hysteresis cycle and a constant pseudo-elastic deformation without martensite “creep." The 
structure may stand for several decades between earthquakes: therefore, the material must be stable 
under aging at ambient temperatures over this period. Aging at ambient temperatures may 
eventually change the transformation temperature (i.e., Ms), as has been well established for 
CuAlZn, which degrades the SMA damping capacity.  
 
 
Figure 2. Hysteresis cycles in stress – strain coordinates. A: CuAlBe, homogenization 10 min. B: 
NiTi (2.46 mm of diameter, cycles 1 to 100). C: NiTi (0.50 mm of diameter, cycles 3, 10 and 100)  
 
Therefore, intrinsic changes at the atomic scale caused by years of aging should be prevented. Such 
stabilization has been achieved with Cu-based alloys. In particular, the eventual effects of the minor 
actions of stress aging must be prevented, and the long-term actions induced by seasonal 
temperature effects must remain within the working domain. The SMA length should not evolve 
spontaneously with time and with the several hundreds of working cycles that are typically induced 
by the mitigation of oscillations. Thus, appropriate thermo-mechanical treatment should completely 
suppress SMA creep. SMA creep is induced by plastic deformation and/or by the stabilized 
martensite that is created in cycling. The effect of creep is to increase the damper length, which 
partially suppresses the damping effect for lower amplitude oscillations. Moreover, SMA 
applications require that self-heating effects and other concomitant temperature effects (from latent 
heat or room temperature variations), as governed by the Clausius-Clapeyron thermodynamic 
equation, do not completely modify the expected behavior of the SMA damper.  
 
The damping requirements for stayed cables in bridges are more stringent than for earthquake 
mitigation. The number of working cycles is much higher in strong storms (e.g., the northwest 
winds on West European coasts, typhoons, tropical cyclones or hurricanes). A strong storm lasting 
three or four days can induce over a million oscillations at frequencies of several Hz. The external 
temperature conditions are also more severe. In earthquakes, the dampers are usually situated inside 
a building, where they find also protection regarding corrosion. The daily/yearly temperature wave 
is smoothed. The dampers in bridges are exposed to the direct action of the weather, including wind 
and rain: a minimum of a yearly inspection of the installed SMA dampers is required, despite the 
seeming inconvenience involved.  
 
In general, “the barriers to the expanded use of SMAs include the high cost, lack of clear 
understanding of thermo-mechanical processing, dependency of properties on temperature, and 
difficulty in machining" [21]. The practical objective of this paper is to determine the requirements 
of the two cases of damping using SMA in civil structures (family houses and stayed cables for 
bridges). The core of the analysis is the study of the basic conditions that ensure that the behavior of 
the application is appropriate and guaranteed. Both cases for the dampers use the hysteresis cycle, 
but each case requires different physical conditions for the alloys. Mitigating earthquake effects 
requires that the SMA damper behavior be guaranteed for at least several years or decades during 
which the structure is at rest. A key condition for reducing the oscillation amplitude of stayed cables 
for bridges is a high SMA fracture-life.  
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 The paper comprises six parts. Part One is a general introduction. Part Two reviews recent results in 
the literature on the use of representative models. The older Falk model [31] describes the 
martensitic phase transition based on the Helmholtz free energy. Several authors have made 
fundamental developments in this field: K. Tanaka (Japan) [32], B. Ranieki (Poland) [33], C. 
Lexcellent (France) [34] and Z. Moumni (France) [35]. There are also representations that are 
oriented to practical requirements and applications in chirurgical devices, which are directly 
connected with the phenomenological measurements and applications usually via Finite Element 
Analysis: C. Brinson (USA) [36], F. Auricchio (Italy) [37], and P. Terriault (Canada) [38]. 
 
Part Three discusses the damping of oscillations in stayed cables for bridges. In this case, the 
eventual wetting of the alloy disqualifies the Cu-based alloy solution because of corrosion 
problems, and motivates a mesoscopic study of NiTi. Part Four addresses the seismic mitigation of 
family houses by a CuAlBe alloy. Part Three and Part Four are dedicated to the analysis of the 
required “training” needed to produce the appropriate behavior. Each part studies the properties 
necessary for each application: A) long time aging near room temperatures; B) aging under 
temperature and, eventually, stress; C) cycling frequency effects on the hysteresis; and D) self-
heating and forced convection from fan effects. A simulation of SMA behavior, which agreed with 
experimental measurements performed at experimental facilities, is also briefly discussed.  
 
Part Five presents a brief analysis of other alloys in single crystals or in poly-crystals, which have 
potential damping properties. Two different types of alloys have recently been proposed for 
damping applications. One alloy is a Fe-based alloy, which exhibits pseudo-elastic behavior and is 
potentially highly useful because of its welding capability and low price. The other type of alloy is 
part of a group of single-crystal alloys (NiMnGa or NiFeGa) and exhibits inter-martensitic 
transformations in loading (i.e., two consecutive transformations are observed). This behavior 
allows higher deformations (up to 10 or 15 %) and a higher conversion of mechanical energy to 
heat. The appearance of two phases is a relatively frequent phenomenon in SMA studies. For 
instance, in CuAlZn, a classical Cu-based alloy, the first transformation occurs between the body 
centered cubic (bcc) structure and 18R, while the second transformation occurs between 18R and 
6R (or fct). Part Five also presents relevant recoverable dynamic changes in CuAlBe single crystals 
and a potentially useful two-phase transformation. Dynamic changes in CuAlZn were observed 
more than 20 years ago [39]. Recently, faster changes have been discovered in CuAlBe single 
crystals. More recently, SMA foams of CuZnAl have also been considered for damping 
applications. Part Six presents conclusions and general remarks. The paper ends with 
acknowledgements and references.  
 
 
PART_TWO 
 
 
This part briefly describes the SMA models used in simulations to study the requirements of the 
applications described in this paper. A representative model is needed to link the measurements to 
the simulated analysis. The simulation focuses on the experimental behavior of the structure with 
and without a SMA damper. The Finite Element Analysis (FEA) of a damped structure requires a 
subroutine to represent SMA behavior. Several types of FEA software for simulation are available 
for free or can be purchased, e.g., Abaqus ANSYS, Open Sees or others. Parts Three and Four of 
this paper provide examples of the incorporation of SMA behavior in ANSYS by an USERMAT 
routine.  
 
Each practical application requires an appropriate SMA model to efficiently simulate and predict 
the behavior of the structure. In the examples considered, SMA application is based on the pseudo-
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elastic state of the system. The application assumes small SMA material changes in working, which 
correspond to well-controlled creep and an appropriate working domain in the summer to winter 
temperature range. At the predictive level, the representative models are used for practical 
simulations of SMA behavior, avoiding sophisticated treatments. General SMA models are 
typically used to describe complex 3-dimensional SMA behavior involving traction, compression 
and torsion. This work has the more limited objective of developing models that are satisfactorily 
and capture the actual behavior of the structure and the SMA. The model complexity is significantly 
reduced in comparison to that required to model the deployment of a “compressed” stent under the 
action of the temperature inside the human body. In general, the complexity of formulation and the 
difficulties encountered by the models depend on the requisite level of macroscopic description. 
The main objective may be the description of the behavior of a SMA spring, for example. Such a 
description has to capture the evolution of the material properties on cycling, the internal 
temperature effects induced by the external temperature changes and/or the self-heating induced by 
latent heat effects on the behavior of springs and stents. Here, we are mainly interested in relatively 
simple pseudo-elastic models with internal loops in one dimension.  
 
Three general approaches are typically used in the representative SMA models. The first approach 
uses macro-scale models based on a thermodynamic formalism of the Gibbs or Helmholtz energies, 
in which the basic alloy parameters are extracted from experimental data. Such descriptions 
generally use one (or more) internal state variables, such as the martensite volume fraction. The 
representation includes the temperature and the strain. Further details can be found in refs. [31-32, 
40] for classical materials, [41-42], and [43-44], which comprise more recent studies for SMA.  
 
The second approach is micromechanical. These micro-macro models consider a working domain 
inside the sample that is averaged up to the macro-scale. This approach requires knowledge of the 
kinetics of the phase change and the interface motion, including the interactions between the 
different variants in a small material domain [45-46].  
 
The third approach involves a limited phenomenological methodology in a 1-dimensional 
representation. SMA behavior is predicted by considering the pseudo-elastic work of SMA in 
structures. The inputs for the models and the associated equations are the Clausius-Clapeyron 
equation (to transform the temperature to stress) and a fit to the stress-strain hysteretic cycles, along 
with reasonable criteria to appropriately represent internal loops with zero or moderate pre-stresses 
and cycling frequencies. A phenomenological approach requires experimental data obtained under 
conditions similar to those of the desired application. In our case, the mean temperature, the cycling 
frequency and the appropriate deformation range were required.  
Only a brief outline of the first and second approaches is presented here. The third approach, which 
was developed for use in simulations for the damping of stayed cables and of oscillations induced in 
structures by an earthquake, is reviewed in Parts Three and Four, respectively.  
 
2.1. The macroscopic approach 
 
The macroscopic approach only uses (macroscopic) thermodynamic and continuum mechanical 
variables: a microscopic description of the detailed processes is not given. However, some 
fundamental mechanisms may be introduced within this framework. Models always use some 
phenomenology. Falk [31] developed a representation based on the Helmholtz free energy to 
describe the evolution of the free energy from a one phase system to two phases, i.e., linked to the 
coexistence between the parent and martensite. Tanaka [41] developed thermo-mechanical 
constitutive equations together with an equation for the kinetics of the martensitic transformation. 
The phase transformation was satisfactorily simulated using the Helmholtz free energy with a 
dissipative term. Tanaka [47] described the deformation change in terms of the variation of three 
factors: the stress, the temperature and the martensite volume fraction.  
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 For one-directional tension, the macroscopic approach relates the martensite volume fraction to the 
temperature and the stress. The thermodynamic potentials are strictly reversible; thus, modeling 
hysteretic behavior requires the inclusion of an ad hoc dissipative term for loading and a similar 
term for unloading. In both cases, the relations contain material constants such as the characteristic 
transformation temperatures. Tanaka used this model to simulate super-elasticity, one-way memory 
effects, and the active deformation of martensite. The model can also be used to calculate the force 
generated upon constrained heating (at a fixed length) of a specimen that is pre-deformed in the 
martensitic state.  
 
The model was further developed in [48] by studying the cyclic properties of a Ni-Ti alloy. Four 
aspects of the characteristic fatigue properties were analyzed. The transformation stresses increased 
when the sample was subjected to thermal cycles under a constant stress and the transformation 
temperatures increased. The residual deformation was also observed to increase with the number of 
cycles, while the available elongation decreased with the number of cycles. 
 
Raniecki et al. [49] developed a model to predict the stress-induced behavior of different titanium-
nickel and copper-based alloys. This model considered the three-dimensional stress over the 
temperature range of the super-elastic (pseudo-elastic) state and could determine the internal loops. 
Later, a cyclic contribution term was added to simulate fatigue effects [50]. This model was further 
modified to account for experimental observations of residual (or stabilized) martensite.  
 
2.2 The micro-macro approach 
 
SMA exhibit complex thermo-mechanical behavior that is coupled to the different physical 
processes that occur in these materials. The basic phenomena include pseudo-elasticity, the 
temperature-dependent stress that transforms the sample, and shape memory. Pseudo-elasticity 
facilitates the recovery of large strains in unloading because of stress-induced phase changes. The 
temperature-dependent stress is governed by a Clausius-Clapeyron relationship. Shape memory 
enables recovery following large deformations because of temperature-induced phase changes.  
 
These fundamental phenomena are accompanied by more complex phenomena that significantly 
influence the thermo-mechanical behavior. These complex phenomena include self-heating 
resulting from latent heat effects and hysteresis, plastic behavior and fatigue, practical tension-
compression asymmetry, specimen size-dependence in thermal treatments, metastability because of 
diffusion at the working temperatures, and TRansformation Induced Plasticity (TRIP), among 
others. The dynamic phenomena are associated with heat transfer and the intrinsic phenomena are 
induced by evolution of the atomic order. The evolution of hysteresis cycles with stress and 
temperature aging for NiTi is discussed in Part Three. An experimental methodology for following 
the recoverable dynamic evolution of the Ms as a function of time and temperature for a CuAlBe 
polycrystalline material and single crystals is discussed in Part Four. Part Five summarizes the 
dynamic stabilization of martensite in stress-strain cycling in single crystals and the recovery of 
these crystals in time. While all these phenomena occur at the microscopic level in local volume 
material elements, most of these phenomena affect the material macroscopic response. These 
microscopic mechanisms cannot be neglected in constructing a detailed phenomenological 
description of the material behavior.  
 
The models must be practical to be used with well-defined parameters and should be easy to adapt 
to FEA. The required parameters can be experimentally determined from samples or from data in 
the literature. The Patoor papers used a microscopic approach to obtain reliable stress-strain-
temperature behavior [51-52]. These studies considered different variants of martensite in a 
thermodynamic potential framework. A microscopic Gibbs free energy was formulated for the 
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sample. This free energy was a function of the temperature, the stress tensor and the proportions of 
the martensite variants. Their first approach was a quadratic form. A dissipative term was added to 
capture hysteresis in the loading-unloading cycles [53]. The model was further modified to include 
the interactions among the variants of martensite within the grains [54]. The authors found good 
agreement between computations and the experimental behavior of the polycrystalline material.  
 
Likhatchev [55] developed a similar formulation for inclusion in numeric routines for a one-
dimensional representation, such as that by Terriault [38, 56-57], in which an USERMAT routine 
was constructed for compilation inside ANSYS (FEA code). The Likhatchev model predicted the 
macroscopic strain rate tensor under stress-controlled loading. One of the key features of the 
Likhatchev model was the effective temperature T*, which was a simple means of indicating 
whether the phase transformation was initiated by mechanical or thermal loading. The variation of 
the effective temperature T*, which was governed by the Clausius-Clapeyron relation, was a scalar 
variable incorporating the temperature and the stress tensor variations over a region.  
 
2.3. The phenomenological approach 
 
The models in the literature are reviewed to synthesize hybrids of the “micro-macro” approach, the 
general representations and the phenomenological results. The main goal is to develop a model that 
can be included in a computer program to efficiently simulate the desired application. The Brinson 
model [36, 58-59] introduced a separation between “thermal” and “mechanical” martensite. This 
separation into two types of martensite resulted in an improved representation of the martensite 
twinning effects in the total strain. The Brinson papers were a milestone in numerical (FEA) 
applications.  
 
The Sun group [60] developed a general model for the main SMA behavior, such as super-elasticity 
and rubber-like effects. This model was based on a thermodynamic potential similar to that used by 
Patoor, but was developed from a macroscopic perspective, i.e., there was only one martensite 
species. Two types of martensite, oriented and thermal are used to explain martensite reorientation 
effects. Lagoudas [61-62] appropriated ideas from the older Tanaka papers. Lagoudas’ model 
partitioned the total strain as an elastic component combined with transformation effects. This 
Texas A & M group developed a computational solution using finite elements to model a three-
dimensional state of stress. Auricchio [12, 37, 63-64] developed a relatively simple model to model 
the large strains of the martensite transformation. This model, together with a FEA code, was 
adopted by ANSYS into a standard subroutine [63].  
 
Obtaining agreement between models and experimental results is a long-standing and difficult 
problem. A short description of these difficulties can be found in several interesting papers. Ben 
Mekki and Auricchio [12] used a model similar to a bilinear representation of the hysteresis cycle, 
which might induce misunderstandings. The model, predicted a reduction in the amplitude of the 
larger oscillations of a simulated oscillating cable but not of the minor amplitudes. The oscillation 
decayed to fixed amplitude that was governed by the elastic component of the model. The 
oscillation energy of the elastic component remained constant. However, experiments performed in 
facilities showed that the oscillation amplitude decayed practically to zero in a short time [65]. 
Another general difficulty is associated with size effects, i.e., SMA diameter effects. A series of 
papers, which included experimental studies, explored a relatively wide range of diameters: 1-mm 
diameter wire samples [35] and 2-mm diameter wire samples [66] have been investigated without 
comparative analysis. Scaling up from one diameter to another does not reproduce experimental 
results for NiTi (see Section 3.9). Experimental results for one wire diameter are difficult to apply 
to other diameters of SMA wires (usually for the NiTi alloy).  
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In phenomenological modeling, the material constants of a model are fit to a series of experimental 
results. This representation does not address the physical phenomena that cause the martensitic 
transformation. The model always uses a detailed analysis of the hysteretic behavior and/or the 
temperature effects as an “operational” method. A phenomenological model cannot “predict” 
material behavior: the phenomenological model only attempts to reasonably reproduce the 
dynamics of structures, in this case. This approach may not be able to capture the effects of 
different cross-sections and dissimilar lengths: Part Three shows that NiTi samples with different 
lengths and diameters exhibited completely different transformation rates (in mm/s) for the same 
deformation rate (in 1/s), and the transformation behavior is different. The transformation behavior 
depends on the local temperature and self-heating from latent heat effects, dissipation and heat 
transmission to the surroundings. However, phenomenological models can rapidly compute pseudo-
elastic behavior. Efficient computation is necessary for appropriate implementation into FEA 
software for multiple applications. The main contribution of this work is the visualization of the 
necessary experimental results. SMA should always satisfy the application requirements. 
Experimental trials to measure SMA behavior are completely essential. Later, a hysteretic behavior 
was built into the model to agree with the experimental results.  
 
Terriault’s study includes a phenomenological macroscopic model for “krigeage” [67] within both 
bilinear and cubic representations. These simple models provide a satisfactory representation of 
pseudo-elastic behavior. The bilinear model is widely used. The cubic model was implemented into 
ANSYS via the user-defined subroutine USERMAT. This feature enables users to augment the 
material library with their own constitutive relations that are written in FORTRAN, compiled and 
linked to the ANSYS software [68]. The USERMAT routine is especially useful for simulating new 
materials with behavior that was not included in the original software package. The simulations in 
this study used the cubic representation to model the SMA dampers. The bilinear model was only 
used as a final comparison. Part Three described a methodology to satisfactorily represent internal 
loops within the cubic model approach. Other possible fits to the hysteretic behavior are available. 
For instance, neuronal networks and fuzzy rules have been proposed for CuZnAl single crystals in 
refs. [69-70].  
 
Recently, modeling has a tendency to approach the experimental behavior in very concrete 
situations, or for concrete phenomena, regarding specific applications of the SMA.  For instance, 
[71] adapt the situation for modeling a 3-D, load-biased problem;  [72] applies finite elements for 
approaching the behavior  of a perforated plate; the effect of a laminar microstructure (martensite 
bands) is considered in  [73]; ratcheting (accumulation of residual deformation when mechanically 
cycling in stress control) due to different mechanisms of plastic deformation is treated in [74];  non-
local effects (which could be related to heat wave in the material when transforming) are considered 
in [75]. Even simulation of thermal properties of composites with SMA are experimentally 
measured and then computed with finite element modeling in [76]. Also, the effects of rate of 
transformation, linked to temperature dependence, continue to be perfected in models as [77]. 
 
Micromechanics modeling taking into account precipitates in the SMA has been undertaken by 
Lagoudas group [78]. The effect of cycling on the microstructure of the SMA has been also 
considered, as a possible justification of the evolutive behavior [79]. Further on, the possibility of 
plastic deformation of martenite by twinning has been considered, with experiments and models, by 
Sehitoglu et al. [80]. 
 
One-dimensional models continue to be considered useful because they allow a faster computation. 
The effects of temperature, giving a “(Lüders) band-like” structure of transformation in NiTi, are 
considered in [81].  
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The possibilities of multiple phase transformation have been included in some previous models, to 
allow for a refinement of 3-D behavior, by Auriccio group [82]  
 
Different groups working in this area have published approximately five hundred papers over the 
last few years on the improvement and application of these models. Several reviews are available in 
the literature [83-87]. However, open questions still remain, including time or rate effects in the 
transformation process and size effects. Modeling has mainly focused on thin wires with hysteresis 
cycles that exhibit a “plateau” in transformation and retransformation. The experimental behavior of 
thick wires is highly affected by heat transfer and thermal coupling with the surroundings that 
induces an associated plastic deformation, i.e., SMA creep.  
 
A useful synthesis of existing models in [88] concluded that very simple models, such as that of 
Auricchio, which uses 7 parameters, can produce fairly accurate results. However, the details of the 
experimental behavior were not fully accounted for. Much more complex models, such as that of 
Lexcellent (which uses more than 20 parameters) can improve agreement with the experimental 
data. Even state of the art models cannot completely represent the internal loops. The stress and 
temperature aging effects are completely out of the scope of these representations. Atomic diffusion 
effects are always neglected in these models.  
 
The heat and the entropy balance are difficult. In the literature appear some misunderstandings on 
the First and the Second Thermodynamic Laws of Thermodynamics. Ref. [89], for example, states 
“According to literature two major heat sources come into play during phase change: latent heat, 
which seems to be the predominant heat source, and intrinsic dissipation.”  The “intrinsic 
dissipation” in the stress-strain cycle is actually the hysteresis energy in the heat balance for the 
transformation and retransformation processes at different stresses:  
 
m m
f dxQ Q
  
                            (1) 
 
The mechanical hysteretic energy of a temperature-induced cycle is zero. In this case, the 
transformation is induced by the temperature without any external forces. The driving force for a 
temperature-induced transformation/retransformation is related to the entropy increase that is 
induced by the same quantity of heat being absorbed and released at different temperatures [90].  
 
 
2.4 Part Two: Summary  
 
It is difficult to provide a concise description of the SMA representative models because the 
formalism of these models depends on the intended application. Fundamental studies have used a 
thermodynamic description of the phase transition with hysteresis. A more practical approach has 
been to model the SMA elements of a device or structure. Real situations require a combination of a 
macroscopic approach based on the Helmholtz free energy, a micro-macro approach for the 
interactions between the martensite plates, and a phenomenological approach. The round-robin [88], 
established by the Sittner group in Praga, was developed from the MAFESMA project of the 
European Science Foundation. The analysis showed that for thin wires (0.1-mm diameter), a 
phenomenological model using 7 parameters produced reasonable agreement with experiments. 
Increasing the number of parameters in a macroscopic model cannot produce considerable 
improvement. The models have never accounted for parasitic effects that are induced by diffusion, 
such as recoverable Ms tracking or monotonic aging effects. State of the art semi-phenomenological 
models, such as those of Brinson, Patoor and Terriault, have used algorithms that are converted into 
FEA methods.  
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 PART_THREE 
 
 
Increasing the quality of life is one of the main goals of smart materials and systems. The 
suppression or reduction of external perturbation phenomena, such as wind, rain or traffic that 
induce cable oscillations is a practical problem for bridges. The oscillations induce progressive 
damage and crash of the steel fibers, reducing the cable life. A classical example is the Dongting 
Lake Bridge over the Yang-Tse River, which opened in 2002 [91] because of strong wind and rain 
storms that induced large oscillations in the large bridge cables. The bridge was immediately 
retrofitted using Magneto-Rheological dampers of LORD [92-93].  
 
Potential or practical damage to the cables of some "old" French bridges has also been observed. 
The FP014-SMARTeR: Shape Memory Alloys to Regulate Transient Responses in civil 
engineering (SMARTeR: 2006-09) was a European Science Foundation (ESF) project that used 
SMA to damp stayed cables [94]. Specific objective of the project included the damage sustained by 
the Iroise Bridge (1994) over the Elorn River (near Brest) and by the St. Nazaire bridge (1975) over 
the Loire River (near Nantes) (http://fr.wikipedia.org/wiki/Pont_de_Saint-Nazaire, 2013). Several 
cables were changed for the St. Nazaire bridge.   
 
Oscillations are also observed at low winds speeds. For winds under 10 km/h, minor oscillations 
(near 10 mm) were observed in the large cables (110 m between the piers) of the Echinghen 
Viaduct (1997), which is situated on the A16 toll highway near Boulogne in NW France. The cables 
sustained accumulated damage. Decreasing the amplitude of the oscillations can increase the 
practical lifetime of the cables. Damping oscillations requires the use of appropriate passive or 
semi-active dampers in the structure. Semi-active devices [9], which were used for the MR dampers 
of Dongting Lake Bridge, need guaranteed electrical power and appropriate technical computing 
supervision, i.e., for software and hardware.  
 
This Part discusses the use of pseudo-elastic NiTi wires to damp stayed cables [95]. NiTi 
metallurgy has been studied elsewhere [96]. The SMA damper is a passive device [9] that exploits 
the SMA hysteresis cycle. Our study focuses on the experimental requirements of the application 
and correspondingly investigates the SMA properties. First, the cable requirements are outlined. 
Next, the experimental measurements of the SMA wires are used to provide data on the required 
conditions for the fracture life, depending on external temperature effects and self-heating 
mechanisms, the cycling frequency and the wire diameter. The study includes the seasonal 
temperature effects. The final section describes the characteristics of a phenomenological model 
that is used to simulate partial and internal loops in the SMA application as a damper for facilities’ 
cables and a portico structure. Finally, temperature aging mechanisms are discussed, as well as 
temperature and stress actions.  
 
3.1 Damping of stayed cables in bridges: SMA damper application requirements  
 
The Iroise Bridge is a toll-free highway bridge with a length of 200+400+200 m. The separation 
between the piers has a “classical” length, i.e., approximately 400 m (see figure 3). The cable 
lengths generally exceed 200 m and the cable tension is approximately 1000 kN. The structural 
characteristics indicate that a smooth SMA action can induce small changes in the distribution of 
forces in the structure, i.e., the dampers can produce only minor changes at the oscillation 
frequencies. It is critical that the damper does not modify or induces only minor changes in the 
static and dynamic response of the structure. The force induced by the damper action, which is 
projected to be approximately orthogonal to the cable axis, should remain in the neighborhood of 
10
-3
 of the force inducing the stress in the cable. The force scale indicates that a damper built by a 
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set of one or more wires exerts forces of approximately 1 kN on the cable. A large set of thin SMA 
wires is unsuitable because of the practical difficulties of installing such wires. Wrapping several 
turns of a long thin wire around the ends would result in undesirable parasitic thermal interactions 
between the wires and an increased risk of failure because of high length of thin wire exposed. For 
this configuration, the crash of a single thin wire part would destroy the damper.  
 
This Part ends with a brief description of the required damper structure based on the results from 
the experiments in the facilities. There are two possible damper positions. One possibility is to place 
the damper between the platform and the cable.  Another possibility is to install the damper between 
two cables. In the second case, the oscillations clearly have a more complex effect on the SMA 
damper. Thus, the actions can be reduced to traction only by using appropriate links between the 
SMA and the cable. Biaxial or bending actions on the SMA damper are generally expected. The 
study and analysis of such actions are out of the scope of this paper.  
 
 
Figure 3. The Iroise Highway Bridge with 2+2 lanes between Brest and Plougastel, France. 
(Reprinted from Engineering Structures vol. 49, V. Torra, C. Auguet, A. Isalgue, G. Carreras, P. 
Terriault, F.C. Lovey: Built in dampers for stayed cables in bridges via SMA. The SMARTeR-ESF 
project: A mesoscopic and macroscopic experimental analysis with numerical simulations, pages 
43-57 (2013), with permission from Elsevier). 
 
A damper on a bridge is directly exposed to wind and rain. NiTi exhibits the desirable characteristic 
of low oxidation under the action of the weather. The damper is affected by the external 
temperature and daily and yearly temperature variations. The damper may be subjected to a 
practical temperature differential of approximately 60 K, i.e., between 30 or 40 °C (313 K) in 
summer and -20°C (253 K) in winter, such as in Western Europe. The martensitic transformation 
releases and absorbs latent heat in working and releases the hysteretic energy for each working 
cycle. The effect of these actions induces local heating/cooling that is associated with the cycling 
behavior. A study should be conducted on the temperature effects associated with working cycles 
and their frequency and deformation and on the eventual heat transmission to the surroundings by 
convection. A moderately complex analysis is needed to model the potential effects of aging on the 
alloy. The model uses a simplification of the behavior of SMA pre-stressed wires to prevent 
bending or compression. Our work was extended to two diameters (2.46-mm and 0.5-mm 
diameters) to study diameter effects and scaling of the results.  
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The oscillation frequencies were a function of the stress used to position the cable, the mass per unit 
length and the steel and the supplementary materials that constituted the cable. In some cases, a 
polymeric tube is refilled with concrete or wax to protect the steel wire strands. A cable at 1 Hz, 
under the action of a strong storm lasting of three or four days, requires a working damper with a 
fracture-life of over a half a million cycles. The fracture-life increases proportionally at higher 
frequencies. The fracture-life is the relevant parameter for this application. A spontaneous increase 
in the damper length (i.e., by SMA creep) in working is completely unacceptable. SMA creep, i.e., a 
net increase in the SMA length up to a value “A”, results in oscillations with an amplitude up to 
“” that are not smoothed. 
 
In standard NiTi studies, the alloy is generally prepared by complex thermo-mechanical treatments, 
such as cold working and strain annealing. Our study is motivated by a civil engineering 
application, so the complexity of the pre-treatments needs to be reduced to facilitate the use. The 
necessary length of the wires was more easily obtained directly from a guaranteed furnisher, which 
minimized the local treatment required. For several bridges, one would require 100 dampers of 
several meters of SMA wire, i.e., with total lengths of 100 to 1000 m.  
 
3.2. Experimental: materials and methods.  
 
The experimental analysis focused on the NiTi SMA alloy for two fundamental reasons: the alloy 
resistance to wet oxidation and the relative ease of acquiring long wires of the alloy. The study used 
a 2.46-mm diameter wire (A wire) and a similar 0.5-mm diameter wire (B wire) for comparative 
and “scaling” purposes. Wires with smaller diameters (0.2 and 0.1 mm) were used in studies on a 
minor cable in “an indoor laboratory." The stress-induced transformation force in the A wire after 
several cycles was approximately 2 kN. The same force for the B wire was approximately 80 N (see 
Section 3.9). Lengths of 125 and 500 mm were investigated for the A wire and of 125 and 1000 mm 
for the B wire. Different sets of measurements were carried out for three slenderness ratios (/r) of 
50, 200 and 2000 to study the thermo-mechanical effects on cycling. Further, an A wire with a 
length of 4140 mm (with a /r over 3000) was used in all the measurements performed in ELSA 
(European Laboratory for Structural Assessment, Joint Research Center, Ispra, Italy). Usually, 
applications for NiTi wires use thin wires with cross sections under 1 mm
2
. These wires induce 
stress forces situated near 1-200 N, which are extremely small for civil engineering applications.  
 
The NiTi alloy was provided by SAES Getters (Milan, Italy) via a subsidiary company Memry 
Corp. (Bethel CT, USA) and was previously provided by Special Metals Corp. (New Hartford, New 
York, USA). The surface of the samples was finished with a light (gray) oxide surface (for the 2.46-
mm diameter A wires) or with black oxide (for the 0.5-mm diameter B wires). The nominal As 
temperatures for the A and B wires were similar at 248/247 K and 243 K, respectively.  
 
The purpose was to try to use industrial product, as the number of dampers needed for a large Civil 
Engineering work might imply around a km of wire. Also, reproducibility during time of service 
was considered important. For example, for the A wire, two different batches in different years, the 
furnisher certificates indicate the composition and impurities from table 1.  
 
The as furnished A wire was tested in traction. The failure was ductile, and happened at 1200 MPa, 
and near 20% strain. It was considered that ductile fracture was preferable to enhancing some other 
properties, because of the application in Civil Engineering, to avoid failures without advertising. 
 
Table  1. NiTi wires of 2.46 mm diameter alloy data from the furnisher certificates. In all cases, 
other impurities were: H<0.005%, Fe<0.05% weight, each of the groups: (Si, Cr, Co, Mo, W, V, 
Nb, Al, Ba); (Zr, P, Cu, Hf, Ag, Pb, Bi, Ca); and (Mg, Sn, Cd, Zn, Sb, Sr, Na, As, Be), where in 
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amounts of less than 0.01% weight. According to the certificates, Ti was to balance the 
composition. 
 
Date Ni 
 % weight 
C 
ppm weight 
O 
ppm weight 
As 
(fully annealed) 
March, 2007 55.99 379 246 247 
April, 2005 56.00 380 167 246 
 
 
As previously mentioned, the fatigue life is a critical parameter for the application. The stress-
strain-temperature-time studies were also highly relevant. The study was conducted using a 
conventional MTS 810 at room temperature (near 293 K) in an air-conditioned room. The MTS had 
a chamber, which was constructed in-house, to maintain moderate temperatures (between 293 and 
323 K). Simple protective structures were built for studies of the minor transformation steps to 
prevent parasitic actions by the air-conditioning equipment and the associated temperature 
variations. Two devices, INSTRON 5567 and INSTRON 1123, were used with two cooling-heating 
standard thermal chambers, 3119-005 (203 to 523 K) and 3110, respectively. The equipment was 
selected to perform measurements at working temperatures between 240 and 373 K. The equipment 
was also appropriate for determining the Clausius-Clapeyron coefficient (i.e., 6.3 MPa K
-1
 in [27]) 
and to investigate seasonal effects. One stress –strain equipment computer controlled was fabricated 
in-house to study the longer (1 m) B wire samples at approximately room temperature (below 313 
K).  
 
One or two K thermocouples (from OMEGA) were wrapped around the samples for local time-
temperature analysis. Wrapping prevents local compositional changes induced by spot welding, but 
introduces supplementary noise: the “mean” reading corresponded to a SMA wire length in the 2-
4 mm range. A zero-point was used: the signal was digitized from Digital MultiMeter (DMM) 
Agilent U1251A, transmitted by a proprietary program and stored in a PC. The stress-temperature 
aging measurements were performed using adapted devices that were constructed in-house. Cheaper 
temperature chambers were built for the aging experiments at 373 K.  
 
3.3. Summary of microstructure observations 
 
This section describes the minor analysis of the microstructure of the polycrystalline 2.46-mm 
diameter NiTi wire. The microstructure of the wire was observed by transmission electron 
microscopy. A Philips CM200 LaB6 transmission electron microscope was used [97]. The observed 
structure of the furnished and cycled samples was similar: the structure was complex, with a large 
quantity of grain boundaries, dislocations and martensite. The results for the 2.46-mm diameter wire 
are shown in figure 4. The weak 001- and 200-type reflections, associated with the B2 structure of 
NiTi (figure 4 A), indicated that the wire was textured along the <111> direction. The 
microstructure shown in figure 4 B appears as small grains and sub-grains with a minimum size of 
approximately 80 nm. Scarce precipitates of TiC and Ni3Ti2 were also observed, but are not shown.  
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Figure 4. TEM study of the NiTi wires of 2.46 mm. (a): Electron diffraction pattern of the NiTi wire 
along the wire axis. Texture along the <111> is evident. (b): Dark field image taken with a small 
part of the 110 type ring in the left. Grains and sub-grains, as smaller as about 80 nm, can be 
observed (Reprinted from Canadian Metallurgical Quarterly, vol 52-1, V. Torra, A. Isalgue, C. 
Auguet, G. Carreras,F.C. Lovey, P. Terriault, Damping in civil engineering using SMA part 2 - 
Particular properties of NiTi for damping of stayed cables in bridges, pp. 81 - 89 (2013), with 
permission from Pergamon.) 
 
3.4. NiTi fracture-life.  
 
The relevant damping parameter, the fracture-life of the alloy, must be long to reduce the amplitude 
of the oscillations in stayed cables. We focused on the most convenient and ease deformation path 
for the NiTi wires i.e., pure traction. Other deformation paths, including compression, torsion, 
bending and buckling, were inappropriate for the desired application. The complex action of these 
deformation paths reduces the fracture-life of the alloy. Figure 5 shows the results of several 
fracture-life tests, which were obtained in traction for NiTi samples with lengths of 120 and 500 
mm, at 293 K, using 2.46-mm diameter wire. The associated stresses are important for relatively 
high deformations, e.g., between five and eight per cent. Related tests determined a fatigue life that 
was under 30000 cycles. This lower fracture level (short life) was unacceptable for SMA use in 
dampers of stayed cables. As the fracture-life strain increases when the stress decreases [98], the 
stress and deformation were observed to decrease for several samples, along with the hysteresis 
energy. Reducing the deformation to approximately 1 % reduced the net force in the sample to 1 kN 
at stresses near 200 MPa. This force value brought the fracture-life of the samples into the realm of 
practical application. An acceptable fracture-life is between 3 and 5 million working cycles. Sample 
crash generally appears near or inside the grips most likely via a coupling between the cycling 
effects and the internal deformation induced by the grips pressure.  
 
The experimental data and approximate Basquin law fit [98-99] are presented in figure 5. The stress 
reduction increased the number of working cycles. When the fracture-life exceeded 0.5 million 
cycles, the deformation remained below 1.5 %. It was always possible to create small hysteresis 
cycles at low strains (less than 0.5 %) and reduced loads, i.e., from zero stresses to less than 250 
MPa. The triangles in figure 5 were associated to temperature cycling measurements for several 
constant stresses for wires of 0.6 mm of diameter with a strain situated between 1 and 3 %. For 
external stress near 100 MPa, the number of working cycles overcomes 350000 working cycles.  
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The Basquin law describes the fatigue life of standard materials. This formalism considers the 
maximal stress (MAX) to be linear in a negative power of the number of fatigue-life cycles (Nf). 
Fitting the experimental points with the Basquin law results in equation 2:  
 
0.398170 7920.9*aMAX f fσ = A+B (N ) (N )
            (2) 
 
 
Figure 5. The stress against the fatigue results for traction only in NiTi (dots: 2.46 mm of diameter) 
including the Basquin law fit. Triangles: partial analysis by temperature cycling for 0.6 mm 
diameter wire.  
 
The main difference between the SMA and classical materials is the higher value of the “a” 
exponent (a  0.40). The higher value of “a” compared to the classical values (1/8 > a > 1/16) 
suggests that the fatigue-fracture process was effectively controlled by the parent to martensite 
transition. The deformation was produced by the martensitic transformation instead of by the 
dislocation glides of standard materials. Therefore, less dislocations are expected to be created 
when cycling SMA materials at lower deformations (i.e., near 1 %) and stress (near 200 MPa), 
resulting in a longer life. There was satisfactory agreement between the experimental points and the 
Basquin law over the full range of the data. The main parameter in the fracture-life was the maximal 
stress value. The measurements were performed for several deformations and different sample 
preparations. The tests were performed on samples “as furnished” at room temperature, on samples 
in a liquid bath of paraffin or water, on aged samples at 373 K and with strains between 0.5 and 8 
%. The NiTi SMA experimental data in the literature correspond to data for bits in the health care 
field. For example, orthodontic tests using bits involve highly complex deformations, including 
rotating-bending and bending-bending and/or compression, bending, torsion or buckling. Studies on 
wires for bone fixation and fundamental studies on wires have also been reviewed [100-105]. 
Recently, two reviews synthesizing fracture results in NiTi have been published [106-107].  
 
3.5 SMA creep 
 
SMA creep is the increase in length resulting from a combination of the creation of dislocations 
and, eventually, retained martensite. Progressive SMA creep must be suppressed in working by an 
appropriate thermo-mechanical treatment. The experimental analysis used 2.46-mm diameter “as 
furnished” wire. The maximal stress of the first cycle, at an eight percent of deformation, was 
approximately 3 kN or 600 MPa. The thermo-mechanical treatment began at 100 working cycles, 
which was induced by the action of a sinusoidal strain of up to 8 % at 0.01 Hz, for samples with an 
available length of approximately 120 mm.  
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The sample remains inside the action of a fan (air speed near 1-2 m/s) that activates the forced 
convection in the sample. The treatment diminishes the initial transformation stress to 1 or 2 kN and 
situates the permanent deformation (SMA creep) up to 2 %. See, for instance, the figure 6 A. After 
the 100 cycles, the shape of transformation approaches to an inverted S-shape similar to the cycles 
in polycrystalline CuAlBe [95, 108] (see, for instance, the Part Four). The retransformation was 
submitted to minor changes. The maximal hysteresis width is reduced from 400 to near 200 MPa, 
and the dissipated energy is reduced to 1/3 (figure 6 B). In series of the first 100 working and 
continuous cycles, an intermediate stop in the fan for several cycles (producing a lower heat 
transfer, free convection on the sample) induces changes in the hysteretic behavior. The figure 6 A 
visualizes a reduction in the hysteresis width (see, the arrows) associated to several cycles with the 
fan “off” (free convection) in comparison with the other cycles with the fan “on” (forced 
convection).  
 
 
 
Figure 6. Cycling effects for wire of 2.46 mm. 100 cycles realized with sinusoidal strain up to 8 % 
at 0.01 Hz (100 s/cycle) with a fan addressed to sample. (a): the arrows shows the fan off effect. 
(b): Shape and frictional energy for cycles 1 and 100. The SMA creep effect was close to 2 %. 
(Reprinted from Canadian Metallurgical Quarterly, vol 52-1, V. Torra, A. Isalgue, C. Auguet, G. 
Carreras,F.C. Lovey, P. Terriault, Damping in civil engineering using SMA part 2 - Particular 
properties of NiTi for damping of stayed cables in bridges, pp. 81 - 89 (2013), with permission from 
Pergamon.)  
 
 
3.5.1 Stops and SMA creep 
 
The creep increased progressively for the initial sets of cycles. The creep increased up to 2 % in the 
first 100 training cycles, as shown in figure 6 A. This increase represents the dominant creep 
behavior. The SMA creep also increased as the maximal room temperature increased or as the 
cycling frequency increased, which contributed to self-heating in the samples and the stress. The 
maximal creep was approximately 2.5 %, as shown in figure 7 A.  
 
Figure 7 A shows an example of the SMA creep evolution. The SMA creep increased by 2.0 % in 
the initial set of 100 working cycles, when the transformation stress was more relevant. The final 
value of each set of cycles was fitted by an exponential (these data points are shown as triangles). 
Later, after 2000 cycles, the mean creep value remained constant at approximately 2.5 %. These 
observations were associated with sets of cycles at different amplitudes and cycling frequencies (up 
to 16 Hz) that were separated by pauses. Each set of cycles showed an initial decrease in the creep 
(which is shown by the empty circles in figure 7 A), which was equivalent to a highly reduced 
parent recovery, as shown in figure 7 B. The experimental results showed that, following a small 
pause of 540 s, the first cycle required supplementary stress compared to the stress of the last cycle 
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of the previous set. The measurements showed an increase in the hysteretic energy over the first 
cycles of the subsequent set of working cycles. At a low cycling rate (i.e., frequencies close to 0.01 
Hz), the “recovery” could be associated with temperature actions. The experimental results showed 
that the measured creep in the 2.46-mm diameter samples did not exceed 2.5 %, so that appropriate 
training to approach 2.5 % creep should guarantee SMA behavior for the desired applications. 
Figure 8 A shows the stop effects in a continuous series of working cycles.  
 
 
Figure 7. Increase of the SMA creep for larger series of working cycles. (a): Creep evolution 
against the number of working cycles realized by several sets of cycles at different frequencies 
(between 0.01 and 16 Hz). Empty dots: initial value for each set of cycles. (b): Changes in creep in 
the first cycle of a set of cycles. The expanded deformation scale (by empty dots) visualizes the 
minor creep reduction after one pause of 540 s. 
 
Figure 8 A shows that the stops in the cycling process modify the hysteretic behavior. This minor 
action increases the hysteretic energy for the next set of the working cycles. Figure 8 (A and B) 
shows the stop effects for samples with approximately 120-mm lengths, at strains of 0.76 and 1.2 
%, respectively. The change for the first cycle could have corresponded to 100 % of the dissipated 
energy, but this effect was insignificant for thousands or millions of working cycles. The energy 
changes in figure 8 B were related to fluctuations in the practical limits of displacement resolution 
of the MTS equipment. The series of measurements in figure 8 B were not performed continuously 
over four months, but with several placement-replacement actions on the sample with the minor 
positioning uncertainty. The dissipated energy associated to figure 8 B situates near 0.5 MJ. 
 
Figure 8. Pauses effect in the dissipated energy. A: Energy/cycle when cycling at 4 Hz for a low 
strain (0.76 %). The accumulated energy for 600000 cycles of this low strain overcomes 23 kJ. B: 
Series of 4.5 million of working cycles for 1ow strain: 1.2 %, and the accumulated energy (near 
0.5 MJ).  
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
 3.6. Cycling frequency effects: temperature and convection actions  
 
Unique temperature effects were observed in cycling for the samples [109]. Sinusoidal strain cycles 
(at 0.01 Hz) with 8 % deformation induced temperature waves in the sample (figure 9 A) with an 
amplitude of  10 K. The amplitude was similar at different positions in the sample. Suppression of 
the fan action (reducing heat transfer from forced convection to free convection) increased the 
oscillation amplitude up to  15 K. Figure 9 B shows the temperature wave that was induced by the 
conditioned air (upper section). The “a” shows the effect of one stop in the cycling on the dissipated 
energy (middle section) and the oscillations induced by the conditioned air. The temperature waves 
also affected the force values (bottom section) in accordance with the Clausius-Clapeyron equation.  
 
The fluctuations in the energy of the hysteresis cycle (between 5 and 10 %) decreased because of 
the room-temperature wave produced by the start (and stop) of the cooling phase of the air-
conditioning. The maximal values of the oscillatory behavior of the hysteretic energy for minor 
cycles were associated with the minimal room temperature values, in agreement with the Clausius-
Clapeyron equation. The local change in the dissipated energy decayed rapidly, so that the start-stop 
action was not significant for modeling the SMA behavior.  
 
 
Figure 9. Fan and pause effects on cycling. A: effect of the thermocouple position and of the fan on 
- off in the sample temperature, cycling at 0.01 Hz and maximal deformation of 8 %. B: 
temperature oscillation induced by the conditioned air (top). Action of a previous pause (a) in the 
dissipated energy and oscillations by the actions of the conditioned air (middle). Oscillations in the 
force by the conditioned air (bottom). 
 
 
3.6.1 Cycling and self-heating effects  
 
Self-heating was extremely significant for the 2.46-mm diameter wires. Figure 10 shows the 
temperature increase for two strains when cycling (A. 8 % and B: 1.8 %). The mean sample 
temperature increased progressively with the cycling frequency due to the hysteresis cycle that 
converted mechanical work to heat. The local temperature in the sample oscillated around the 
external room temperature only during cycling at approximately 0.01 Hz or lower. For cycling 
frequencies of 3 Hz and deformations up to 8 %, the sample temperature increased more than 25 K 
for an associated stress of approximately 150 MPa, modifying the fracture-life of the samples. For 
cycling frequencies up to 10 Hz and deformations of 1.8 %, the temperature increase was lower: the 
temperature increase was approximately 10 K and 20 K (with the fan (forced convection) and 
without the fan (free convection), respectively). The maximum transformation stress followed the 
temperature behavior of the specimen (see figure 10 B). The amplitude of the oscillations of cables 
on bridges, primarily induced by wind or rain, would not exceed 1 % of the SMA element length. 
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For frequencies up to 10 Hz, the temperature increase, with wet air circulating over the SMA, is 
predicted to remain below 5 K.  
 
Remark: The temperature reading frequency was 6.5 Hz, which only represents a mean value for 
cycling frequencies over 2 Hz. The figure 10 B shows the mean temperature against time: the 
readings induce a ripple for cycles at 1 or 3 Hz.  
 
Figure 10. Temperature effects and cycling frequency. A: For maximal deformation 8 % and 
several cycling frequencies (0.01, 0.03, 0.1, 0.5, 1, 2 and 3 Hz. B: Frequency effects (up to 10 Hz) 
for a maximal deformation of 1.8 % and actions of fan “on” and fan “off”. Up: Force against time. 
Bottom: Temperature against time for fan “on” and “off”.   
 
3.6.2. Convective actions: the fan effects  
 
The self-heating of the SMA specimen on cycling depended on forced air convection (by the fan) 
that was used to dissipate the heat. The “fan off” state (heat transfer reduced to free convection) 
increased the maximal stress (figure 11) associated with the self-heating as shows the temperature 
in figure 9 A, and the Clausius-Clapeyron coefficient for these wires.  
 
However, the “fan on-off” effect on the hysteresis cycle was not clearly evident, as shown by 
figures 12 and 13. Figure 12 A shows the “fan-off” effect: an energy reduction of 33 % was 
observed for on the first series of 100 cycles at 0.01 Hz. In figure12 B, a similar series of cycles was 
performed on a previously cycled and aged sample. In this case, the energy reduction was lower and 
approximately 10 %. For a trained sample, the dissipated energy changes associated with external 
wind variations did not appear to be very significant (within a 10 % uncertainty). 
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Figure 11. Stress against the time cycling at 0.01 Hz and a strain of 8 %. Initial transitory and the 
fan ON and fan OFF effect are clearly visualized.  
 
Figure 12. Hysteresis cycles in stress and strain realized with fan “on” and “off”. A: Sample as 
furnished, cycles 24 and 31. B: cycles 45 and 55 in a previous cycled sample (several thousand or 
working cycles).  
 
The fan effect on the stress-strain coordinates and the reduction in the stress and strain for cycled 
samples can be clearly seen in figure 13. At other cycling frequencies, a similar but reduced fan 
effect was observed. The fan effect may be related to compensatory amounts of released and 
absorbed latent heat in the “fan-off” (free convection) cycles compared to the “fan-on” (forced 
convection) cycles and to pseudo-adiabatic behavior. Ref. [110] showed wider hysteresis when 
latent heat was released to the surroundings before the start of retransformation compared to a more 
adiabatic cycle. In the first series of “fan-on” (forced convection) cycles, the partially localized 
transformation resulted in self-heating and required more stress because the wire was under room 
temperature from the previous cycle, but less cold than when there is only free convection. In 
retransformation, the specimen was somewhat cooler (because of forced convection) and required a 
lower stress: the width of the hysteresis cycle increased. The frequency of 0.01 Hz for the A 
samples was unique in producing the maximal hysteresis (see Section 3.6.3 below).  
 
Figure 14 shows a plot of the temperature versus time for several cycling frequencies up to 3 Hz, 
for a maximal deformation of 8 %, with progressively increasing creep. The temperature increase 
associated with the 8 and 16 Hz cycling frequencies, at reduced net deformations of 1 and 0.8 %, 
respectively, remained under 10 K.  
 
The figure 14 (A and B) visualizes the temperature against the cycling frequency up to 3 Hz for 
maximal deformation of 8 % with the progressive increase of the creep: from 0 to 2 % in the first 
100 cycles and increased to 2.5 % in the last series of working cycles. The figure 14 C shows the 
temperature increase associated to 8 and 16 Hz using reduced net deformations of 1 and 0.8 % that, 
respectively, remains under 10 K.  
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Figure 13. Hysteresis cycles for the same samples of the figure 12.  
 
 
Figure 14. The temperature, frequency and creep effects. A: Changes in temperature for 8 % strain 
in cycles at 0.01 Hz. B: Strain and temperature for progressive increased frequency (up to 3 Hz) for 
available strains between 2 and 8 %. C: Temperature effects for faster cycling and reduced 
deformation: cycling frequency at 8 and at 16 Hz for respective strains of 1 and 0.8 %.  
 
The main difference between samples with few cycles and highly cycled samples can be attributed 
to two mechanisms. The first mechanism was the distribution of the transformation throughout the 
entire sample (see below), while the second mechanism was associated with the SMA creep 
(2.5 %), which induced a latent heat reduction of approximately 30 % (i.e., 100*2.5 / 8 = 31 %). In 
terms of the entropy production in a pseudo-steady cycling state, the fan action induced more 
irreversibility (more heat transfer) and increased the entropy: the system response was to increase 
the hysteresis cycle energy. 
 
3.6.3. Cycling frequency and hysteresis width 
 
The hysteresis cycle was studied as a function of the cycling frequency for a maximal deformation 
of 8 %. The study was performed for sinusoidal cycles ranging from 3×10
-5
 Hz (33333 s) up to 3 
Hz. Representative results are shown in figure 15. The plot of the hysteresis versus the frequency 
exhibits a “symmetric” shape [110-111] that is associated with the maximal deformation of 8 %. 
The A and B points were determined for the initial and the final cycles in the first set of 
measurements (dots). After a larger series of working cycles of mixed strains (up to 8 %), a 
subsequent analysis was performed (see the up-triangles in the figure 15). The results for the two 
sets showed similar approximately Gaussian behavior, with a maximum at 0.01 Hz. Analysis for the 
thin wires showed that the frequency of the maxima increased with the decrease in the wire 
diameter [110]. In practical damping applications, the working frequencies start near 1 Hz and the 
value is a function of the structure.  
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 At extremely low frequencies, the heat produced in the transformation was completely dissipated to 
the surroundings and the sample temperature always remained at room temperature. The self-
heating was almost zero for this slow process and the temperature effects were also negligible. The 
temperature rise upon progressively increasing the frequency up to 0.01 Hz. Larger and smaller 
forces were required for transformation and retransformation, respectively, as per the Clausius-
Clapeyron coefficient. The hysteretic energy at 0.01 Hz decreased progressively with the increase 
of the SMA creep (see A, B and the triangles in figure 15). The dots in figure 15 correspond to a 
strain of 8 % and the triangles correspond to a net strain of 6.4 %, at a creep of 1.6%. Simulation of 
the SMA behavior requires careful examination of the frequency effects of the dissipated energy. 
For instance, experimental analysis of the dissipated energy associated to expected deformations 
and frequencies of the cable. 
 
 
Figure 15. Hysteretic energy for two series of hysteresis cycles with a maximal strain 8 % in the 
same sample against the cycling frequency (up to 3 Hz). Dots: initial measurements (strain up to 
8 %). Triangles: after several thousands of cycles. Net strain up to 8 %: the creep was suppressed.  
 
3.6.4. Distributed transformation effects 
 
The effects of cycling and the changes in heat transfer for a series of working cycles were 
determined by testing several standard and long samples. Figure 16 corresponds to a sample with a 
length of 508 mm. In this study, the sinusoidal strain (up to 8 %) was converted to strain steps (30 
steps of 4 s in file 01) that were separated by pauses (196 s) with simultaneous measurement of the 
sample temperature by two thermocouples. The K-pairs were situated at 25 mm and 275 mm on the 
bottom grip (i.e., the bottom and “middle” positions of SMA wire). A new cycle (file 05) with 24 
strain steps was initiated after a series of 100 working cycles at 0.01 Hz. Reducing the number of 
steps from 30 to 24 suppresses the SMA creep. Figure 16 A shows that the reduction of the stress 
steps, the hysteresis width and the energy were associated with the evolution of the transformation 
process for the complete set of the cycles. Each strain step induced a force step that corresponded to 
the temperature effect that was induced by the transformation step. Figure 16 B shows the 
temperature versus time for the measurements in figure 16 A. The temperature for file LL2-01 in 
figure 16 B exhibited slight oscillatory behavior that could be related to the room-temperature 
oscillations that were induced by the conditioned air. The measurements showed a reduction in the 
temperature-transformation pulses and a small increase in the other pulses. The main effect was the 
homogenization of the temperature steps that corresponded to 100 working cycles. The “fast” strain 
steps used a deformation of 0.27 % (1.35 mm in 4 s), so that the macroscopic action for a larger 
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sample was related to “one” minor transformation in the entire sample. The temperature was similar 
to that measured by the other K-thermocouple.  
 
A progressive increase in the number of martensite domains with the deformation rate in cycling 
has been reported in the literature. This behavior was shown in the figure 2 b of a paper published 
by Y.J. He and Q.P. Sun [112]. If the local temperature for each front is assumed to be divided by 
the number of active domains of transformation (numbered from 1 to N), an increase in the number 
of domains results in the reduction of the local temperature that is associated with the 
transformation: figure 16 A shows that the stress peaks, which were mainly related to thermal 
actions, exhibited a clear reduction from cycle 1 to cycle 13.  
 
Figure 17 shows the temperature effects for cycles at 2 Hz and a low net deformation of 0.59 % (3 
mm) that were obtained after a larger number of working cycles. Similar temperature oscillations 
were measured in the two thermocouples at the bottom and middle of the sample (0.6 and 0.8 K, 
respectively). These low deformations appear to have affected the entire sample. In the first cycles, 
the transformation was localized in a portion of the sample, as indicated by the temperature peaks in 
figure 16 B. After a relatively high number of working cycles, similar temperature oscillations for 
reduced deformation in the entire sample were consistent with a distributed transformation that 
corresponded to a larger fracture-life. The transformation could be considered to be homogeneously 
distributed throughout the sample. 
 
Using the same sample lengths, reducing the oscillatory strain resulted in a more complex 
transformation distribution than a pure homogeneous distribution. In particular, for deformations 
less than 2 mm (near 0.4 %) and close to the elastic regime, the measurements showed different 
behavior for the long samples: a portion of the sample underwent the transformation, while the rest 
of the sample remained in the elastic regime.  
 
Figure 16. Results in two cycles realized by strain steps using a larger sample (508 mm). 11 cycles 
were realized between the files 01 and 05. (1): stress against strain. (2): temperatures detected near 
the top position for the files 01 and 05. The temperature associated to the dissipation decreases and 
the step effects increase.  
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 Figure 17. Cycling effects with a deformation of 1.62 %. Bottom: bottom thermocouple. Top: top 
thermocouple. 
 
3.7. Seasonal temperature effects  
 
Temperature variations between winter and summer modify the position of the hysteresis cycle in 
the stress-strain-temperature diagram. For the flat cycles of thin wires, the retransformation process 
does not occur at low temperatures, resulting in damper failure. Following sample transformation, 
the retransformation cannot be recovered and the SMA remains in the martensite phase. 
Appropriate training of the wire (2.46 mm of diameter) with approximately 100 or more working 
cycles before building the damper can prevent two parasitic effects: the creep remains invariant and 
the hysteretic behavior is converted to an S-shaped cycle.  
 
Damping behavior was studied using external cooling-heating with the INSTRON equipment. To 
prevent parasitic creep effects, a previously cycled sample with an estimated “accumulated creep” 
of 2.5 % was used at a maximal net deformation of 5 %. The behavior of the sample temperature 
versus time and the associated hysteretic energy are shown in figure 18 A. The sample was cycled 
by ramps of 5% for a complete cycle of 20 s. The upper portion of figure 18 A shows the energy 
corresponding to all the working cycles and the lower portion shows the sample temperature as 
measured by a K-thermocouple. Figure 18 B shows that the measured cycles had a reasonable 
dissipated energy at several temperatures. At a low temperature, the low deformation portion of the 
SMA remained in the martensite phase and the available deformation was reduced. At 258 K the 
hysteresis cycle starts after the 2.5 %.  
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Figure 18. External temperature effects on cycling. A: Energy and sample temperature against 
time. HTT: High temperature effect. B: Hysteresis cycles for several working temperatures. “a”: 
Grips adaptation. Arrow: hysteretic evolution associated to the effects of decreased and increased 
temperature, from cycle A to cycle E.  
 
The experimental analysis showed that an S-shaped cycle (i.e., with a stress variation from 0 to 600 
MPa) is advantageous for damper applications. Using a thin wire with flat behavior in the winter 
can situate the wire in the martensite phase without retransformation, resulting in no damping. The 
extended stress for transformation in the S-shaped cycles was associated with a larger temperature 
working domain. A stress of 600 MPa with a Clausius-Clapeyron coefficient near 6.3 MPa/K 
corresponded to a temperature span of 95 K. In practice, the working temperature domain would be 
reduced to 2/3 of this value, i.e., to 60 K or less. The stress-aging increases the working temperature 
domain (see, the section 3.10). 
 
3.8. Energies at reduced strains: the frequency effect.  
 
A larger fracture-life is expected at reduced stress (i.e., near 200 MPa), which corresponds to a low 
strain (i.e., under 1.5 %). An analysis was performed on the dissipated energies at reduced strains 
(under 2.5 %) and the frequency effects (figure 19 A, B and C). Figure 19 A shows the hysteresis 
cycles for several strains from 0.8 to 2.5 %. The energy was fitted (figure 19 B) by a second-order 
polynomial without a linear term. It was necessary to avoid negative energy values when fitting the 
lower strains. Figure 19 C shows strains of 1.5 % for frequencies between 0.5 to 18 Hz. The 
measurements were corrected for artifacts in strain by the MTS 810, associated with the increased 
frequency. At this level, the experimental observations showed that the hysteretic energy decreased 
linearly with the cycling frequency at low strains.  
 
Using SMA with initial pre-stressing and with initial pre-strain (i ), the SMA length changes from 
an initial strain i  to a final strain f. A rough estimate of the energy difference of the SMA (ESMA) 
between the initial and final strain ESMA(i → f) states is as follows:  
 
ESMA (i → f) = E(f) - E(i)         (3) 
 
The experimental results provided satisfactory data for the simulation of the dissipated energy as a 
function of the oscillation amplitude (figure 19 A and B). An evaluation of the cable frequencies is 
also necessary. The frequency values associated with the cable oscillating with the SMA damper 
should be determined (see, the section 3.11). A linear change in the energy with the cycling 
frequency was observed. The fit in figure 19 C permits an acceptable calculation of the energies 
including the effect of the damper in the cable frequency.  
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Figure 19. The hysteretic energy against deformation and frequency for 2.46 mm of diameter. A: 
Series of cycles realized at 2 Hz with deformation up to 2.25 %. B: Parabolic fit to the energies 
against the deformation. C: recalculated series of measurements to well established strains against 
the cycling frequency. At constant deformation (1.5 %) the calculated points fit satisfactorily by one 
straight line up to 18 Hz. 
 
3.9. Scaling of the wire diameter  
 
For comparative purposes, several samples of wire B (with a diameter of 0.5 mm) were studied. 
Figure 20 A and B shows the effects of cycling on a NiTi 0.5-mm diameter wire, at 16 minute/cycle 
and at 20 s/cycle, respectively, using ramps (i.e., a constant strain rate d/dt). Cycling this wire 
reduced the creep evolution for the same number of cycles. Wires with two diameters (2.46 mm and 
0.5 mm) were compared by scaling the measurements in figure 20 B in terms of the cycling and 
thermal characteristics. The frequency ratio was 1/5 of the diameter ratio. For the 0.5-mm diameter 
wire, time and diameter scaling could not reproduce the change in the SMA stress-strain behavior 
from horizontal cycles to S-shaped cycles. The internal NiTi properties were the critical 
determinants of the SMA creep values and the shape of the transformation for the wires with 
different diameters.  
 
 
Figure 20. Cycling effects for wires of 0.5 mm. A: Slow cycles (3, 30 and 100) at 16 min/cycle. 
Cycle 3: 5.6 J, cycle 100: 2.80 J. B: Cycles at 0.05 Hz in a shorter sample. Cycles 1, 10, 30 and 
100. The ripple in cycle 1 was the nucleation effect. The accumulated SMA creep not overcomes 
1.5 %. Cycle 1: 0.95 J, cycle 100: 0.38 J.  
 
Supplementary measurements were carried out in this work using a wire diameter of 0.1 mm. The 
creep deformation was negligible. The two cases in figure 20 show that the SMA creep did not 
exceed 1 or 1.5 % for 100 working cycles. The cycles always showed the classical flat 
parallelogram shape of the classical NiTi wires and the hysteresis width remains close to 250 MPa..  
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Note: The ratio between the thermal mechanisms in a wire of length  with a diameter d is related 
to the ratio between the bulk effects ((/4) d2 ) and the heat losses ( d ). 
 
In seeking a “natural” scaling of the time and cross-section of the wires, the diameter ratio was not 
found to be an appropriate scaling parameter for the NiTi wires studied. Grain diameter effects 
and/or cold working effects in the wire preparation by the furnisher were the determining factors. 
The experimental measurements suggest that extrapolation is rather difficult and that each diameter 
requires particular study due to internal differences.  
 
3.10. Stress and temperature aging 
 
This study was performed under “extreme” conditions to determine the upper limit of the effects of 
aging. Continuous aging was studied at a temperature of 373 K. The calorimetric and 
transformation temperature from resistance curves in figure 21 show a monotonic and irrecoverable 
change in the Rs temperature of approximately 20 K/year. The figure 21 B shows that a reduction of 
the “aging” temperature (i.e., near 200 days) not reduces the transformation temperature. This 
specific behavior for the used alloy nearly did not affect the critical transformation stress or the 
stress-strain hysteretic behavior. Therefore, the effect of temperature aging on damping could be 
neglected [113-114].  
 
Figure 21. A: Calorimetric measurements of temperature aging effects at 273 K on Rs. A: as 
furnished. B: 48 days. C: 270 days. B: Transformation temperature from electrical resistance 
measurements, monotonic increase of the observed transformation temperature against aging time, 
at temperatures of 373 K, 388 K and 398 K. For the two later aging temperatures, a decrease to 
373 K does not produce a recovery of transformation temperature. 
 
Experiments were performed to ensure that the static pre-stress aging [115-116] was practically not 
relevant for the SMA state for damping oscillations in cables. A preliminary analysis was 
performed using type B wires (0.5-mm diameter). After one month, a half-transformed sample 
exhibited a small step in the stress-strain curve. The stress was reduced in the martensite portion of 
the sample, so that increasing the amount of transformation required an additional stress. Several 
devices were developed for a more in-depth study with type A wires (2.46-mm diameter) (see figure 
22). Figure 22 A shows the static device. The sample was fixed firmly by the cubes A1 and A1’. 
When the bolt D1 turned in an appropriate direction, the axis B1 progressively separated A1 from 
A1’, increasing the length of the sample. Figure 22 B shows the element situated directly in the 
MTS. First the stress on the sample was reduced to zero. Later, the lateral bolts C1 and C1’ were 
used to fix the A1 and A1’ cubes in place. The grips of the equipment were used to fix the C1 - C1’ 
axis. The oscillatory behavior of the MTS produced vertical oscillatory displacements of the bottom 
grip and the sample. The bottom axis in C1’ could slip because of sample displacement. For 
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instance, suppressing any increase in the sample length of the sample from SMA creep or 
compressive action. The x at figure C represents the position of the room temperature thermocouple 
and the two empty dots represent the positions of the two K-thermocouples in the sample. The wires 
did not increase in diameter at the ends (unlike bone samples) and the cubes fixed the sample 
position. Small holes in the cubes enabled the lateral bolts of C1 and C1’ to fix the cubes. Fixing the 
sample with the two cubes and the associated C1 and C1’ bolts, which were firmly held by the 
hydraulic grips, facilitated the sample measurements. A series of systematic measurements was 
planned in advance. The samples were accordingly positioned in the MTS or INSTRON equipment. 
Figure 22 C also shows the positioning in the sample in the MTS equipment and relative to the 
surroundings, the fan (F1), the room-temperature sensor (x) and the two wrapped thermocouples 
(empty dots), which were used to measure the sample temperature.  
 
 
Figure 22. The static stress-temperature-aging studies. A: Pre-stressing device for samples with 
length close to 160 mm. A1 and A1’: the cubes that fasten the ends of the sample “c’ ”. B1 and D1: 
screw and the associate bolt; turning allows the change of the sample length. B: Working in 
traction using conventional equipment (i.e., one MTS 810). A1 and A1’ the cubes fixed in C1 and C1’ 
(the MTS supports); B1: screw; c’: SMA wire; D1: bolt. C: Study of a length wire; a: room 
temperature thermocouple; F1: fan unit; o: K-thermocouple; “x”: near the sample K-thermocouple. 
 
Figure 23 shows several examples of the effects of stress-temperature aging. Figure 23 A shows an 
“as furnished” sample that was subjected to a strain of 4.5 % for 3 months. The figure shows that 
the first cycle was clearly affected by aging. After 100 cycles, the changes in the shape of the 
hysteresis curve modified the aging effects. Changes in the sample were reduced and/or suppressed 
in the 100
th 
cycle. Figure 23 B shows a virgin sample that was subjected to a 6.8 % strain (near 
complete transformation) for 7.5 months, resulting in a reduction of the hysteretic width. The total 
stress is increased, compared to a standard sample, from 600 to 900 MPa (i.e., 40 MPa/month), in 
qualitative agreement with the results in Figure 23 A (with minor time and minor strain %). Figure 
23 C shows a previously cycled sample that was subjected to a 6.8 % strain for 1.5 months for 
which the total stress increased from 600 to 850 MPa. Later, the sample was stored at room 
temperature under no applied stress for an additional year. A new series of working cycles was 
performed: figure 23 C shows the reduction in the changes in the sample at the new 100
th
 cycle. The 
results in Figure 23 A reflect the effect of re-positioning on the sample.  
 
The measurements showed that the effects of aging effect were greater for previously cycled 
samples. In the virgin samples, the induced actions partially disappeared in the training cycles (i.e., 
100 cycles at 0.01 Hz for a strain of 8 %). In any case, several months at 373 K with strain of 8% 
modify the hysteretic behavior. Advancing the transformation required a progressive increase of the 
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stress of up to 50 % (from 600 to 900 MPa). The stress-temperature-time actions induced 
“permanent” or irrecoverable structural changes in the samples. These effects remained in a  sample 
after one year at room temperature without any applied stress (i.e., figure 23 C). These effects are 
not practically relevant for the use of dampers in the desired application. One year of working in a 
cable at the maximal temperature during sunny summer days (i.e., 40 °C or 313 K) did not exceed 
30*86400 ~ 2.6×10
6
 s, i.e., 30 days. Moreover, the typical pre-stress was approximately 1 kN (i.e., 
200 MPa). Under these conditions, at reduced temperatures, stresses and times, the effect of static 
stress-temperature aging can be neglected.  
 
External temperature changes were shown to be insignificant in aged stressed samples. After 
appropriate stress-temperature aging, the S-shaped behavior was associated with a working domain 
of 800-1000 MPa. Under these conditions, the associated temperature interval exceeded 125-150 K, 
compared to 95 K for the samples with a stress of 600 MPa that were used in section 3.7. Annual 
temperature changes of 60-80 K can be “absorbed” by a damper constructed of aged wires. A 
specific study of the fracture-life of these aged samples is necessary but remains out of the scope of 
this work.  
 
Figure 23. Temperature-stress aging in NiTi. A: cycle 1 and 100 in a sample with 3 months at 
4.5 %. B: Cycle 1 and 100, sample with 7.5 months at 6.8 %. C: cycle 100 after an aging of 1.5 
months at 6.8 % in a previously cycled sample. Cycle 100, 2012 was the cycle 100 of a series of 
working cycles realized after a year at room temperature and stress-free.   
 
3.11. Studies on NiTi SMA in experimental facilities 
 
Three measurement studies were carried out at the experimental facilities. One study (in September 
2009) was conducted on cable No. 1 at the ELSA Laboratory. ELSA is a part of the Institute for the 
Protection and Security of Citizens (IPSC) in Ispra (Italy) at the Joint Research Centre (JRC) of the 
European Commission. Two studies were conducted in October 2009 and in December 2010 at the 
“Institut Français des Sciences et Technologies des Transports, de l’Aménagement et des Réseaux” 
(IFSTTAR), Bouguenais, near Nantes, France using 50-m length and 57-mm diameter steel cable 
without any additional damping materials.  
 
3.11.1. ELSA measurements   
 
A series of measurements was conducted on the cable investigated (see, a general overview of 
experimental system in figure 24). ELSA cable No. 1 was 45 m in length (cable length: L). The 
cable was built from 4 sets of wires (of a 15-mm diameter) inside a protective polyethylene tube 
with an external diameter of 75 mm that was refilled with wax. The ELSA cable was inclined at 21 
and subjected to 250 kN of the traction force. Only one 2.46-mm diameter NiTi SMA wire was 
used (see figure 25): after training, the used wire length was 4140 mm. For a maximum peak-to-
peak oscillation amplitude of 120 mm, the strain in the SMA wire did not exceed 3 %. Damping 
typically reduces the oscillation amplitude by half. When the maximum amplitudes were reduced to 
one-half or less ( 30 mm), the damped strain remained under 1.5 %. The hypothetical strain for file 
s071 without a SMA was 2.7 %. During working, the strain in the SMA was relatively low: file 
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s079 in figure 26 exhibited a maximum strain of approximately 1.3 %. This value was reasonable in 
terms of the large SMA fracture-life.  
 
A vertical force was tentatively applied by hand to the cable at 27 % of its length to induce 
oscillations at resonant frequencies. The SMA damper was also installed vertically at 22 % of the 
cable length. Figure 26 shows the effect on ELSA cable No. 1 (which was 45 m long) and the 
associated frequencies. Figure 26 A shows the comparatively free and damped oscillations from 
measurements of s071 and s079. At steady state, the SMA damper reduced the oscillation amplitude 
by 1/3. The fracture studies showed that the SMA length was consistent with a larger fracture-life 
[117]. A Fast Fourier Transform (FFT) with and without a SMA (figure 26 B) showed that 
frequency changes from 1.8 to 2.03 Hz were induced. The action of the damper on the structure was 
extremely reduced: the overall change in frequency did not exceed 10 %.  
 
 
 
Figure 24. The ELSA cable No 1 and the mock-up. A: Devices in the attached to cable No 1. A: 
SMA fixing device (see, figure 25). b: accelerometers. c: bar connecting the LVDT situated in the 
bottom. D: SMA wire. B: devices in the bottom. a: fixing device for the SMA wire. b: force sensor 
on the SMA. c: tensor devices for the SMA wire. d: the addition of two LVDT ensures appropriate 
measurements.  
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Figure 25. Fixing devices for the SMA wire for only traction connections. A: used for a single wire 
(similar with the outlined in figure 17). B and C: used in IFSTTAR; permits simultaneously one, two 
and three SMA wires.  
 
The time-frequency analysis (shown as dots in figure 26 A) shows that the use of the SMA wire 
affected a small change in the frequencies with time. According the shape of the hysteresis cycle the 
SMA stiffness (kSMA) progressively decreased with increasing strain. The macroscopic observed 
frequency corresponded to the parallel actions of the SMA stiffness and the cable stiffness (kcable). 
At lower strains, the effect of the SMA decreased when the strain increased and vice versa in the 
retransformation. Progressive increases in the oscillation amplitude induced increased deformation 
(in the parent to martensite transition). The overall effect was that the SMA progressively reduced 
the overall strength with a small decrease in the frequency (i.e., from 10 to 45 s, see figure 26 A). In 
the martensite to parent transition, the effect of the SMA was to increase the strength and the local 
frequency (i.e., from 50 to 90 s, in figure 26 A).  
 
Figure 26. ELSA, cable No 1: experimental ELSA cable oscillations (measurements s071 and s079). 
A: equal excitation (98 N) at resonance frequencies without and with SMA damper. Dots: direct 
calculation of the frequency against time in the measurement s079. B: frequencies determined by 
the FFT.  
 
3.11.2. Measurements performed at the IFSTTAR facility.  
 
Only transient measurements were conducted on the IFSTTAR cable, which had a length (L) of 50 
m under 1000 kN (figure 27). A force f was applied orthogonally to the cable to produce an 
appropriate displacement. The force was then suppressed suddenly, resulting in cable oscillations 
that slowed and progressively were slowed down. The oscillatory motion was established by the 
decay of the Heaviside step function. Figure 28 shows the locations of the actuator and the detector 
at the center of the cable (at L/2); the action of the force was a Heaviside step function with a 
magnitude of 4 kN. In this case, two trained 2.46-mm diameter wires with lengths of approximately 
1260 mm were used (figure 27 B). This SMA wire length did not correspond to a large fracture-life. 
The available experimental wire was shorter than the wire length required for a large fracture-life 
[117]. The appropriate SMA length () for an IFSTTAR damper should be 3 m for a displacement 
of approximately 1 or 1.5 % of the peak-to-peak oscillation amplitude.  
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Figure 27. The IFSTTAR cable. A: general overview. a: the 50 m cable. b and b’: rails for 
displacement of the motorized Laboratory equipment. B: measurements devices. A: force sensor on 
the SMA. b and b’: fixing the SMA (see, the figure 25). c: laser sensor determining the position of 
the cable against time. (Reprinted from Engineering Structures vol. 49, V. Torra, C. Auguet, A. 
Isalgue, G. Carreras, P. Terriault, F.C. Lovey: Built in dampers for stayed cables in bridges via 
SMA. The SMARTeR-ESF project: A mesoscopic and macroscopic experimental analysis with 
numerical simulations, pages 43-57 (2013), with permission from Elsevier) 
 
The damping measurements from 2010 showed a small increase in the time constant value 
compared to the measurements performed in 2009. For the first set of measurements, which were 
performed at the center of the cable at L/2, the oscillations decreased to “zero” in time intervals of 
approximately 10 s (see figure 28).  
 
Figure 28. Measurements in the IFSTTAR cable associated to a Heaviside step. A: free oscillations. 
B: oscillations using the SMA damper in 2009 and in 2010 campaigns. Upper line: fit to local 
frequency changes. C: frequency spectrum by the FFT to free (A) and damped (B-2009) signal.  
 
The 2010 measurements were performed for different positions of the cable actuator and the 
measurement sensor (L/4, L/8, …). The damping action of SMA was clearly effective at each 
position, but became progressively less intense. Figure 28 B shows the evolution of the frequency 
with time corresponding to the action of the SMA (f was approximately 0.7 Hz). The FFT (see 
figure 28 C) results showed a change of 1 Hz between the free and the damped cable, as well as a 
corresponding reduction in the oscillation amplitudes. The more relevant  change in the frequencies 
from approximately 2 to 3 Hz, or an increase of 40 %, was associated with the use of 2 wires, under 
a smaller pre-stress, but more force on the cable that in the ELSA measurements. The training at 
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ELSA included 100 working cycles, while the training at IFSTTAR used only 20 slow cycles that 
increases the SMA strength. The decay in the IFSTAR cable was similar to that observed in the 
ELSA cable. For the IFSTTAR cable, the oscillation amplitude was transitory and decayed: the 
effect of the SMA on the cable was to increase the overall strength and the static and the time-
frequency values.  
 
3.12. Simulation: a phenomenological model for SMA behavior 
 
The numerical simulation of damper behavior required models that satisfactorily capture the 
properties of the SMA wires. Simulating SMA behavior by Finite Elements analysis using ANSYS 
required the development of a dedicated routine called USERMAT. Two versions of the routine 
were implemented based on phenomenological models of the hysteresis cycle. The first version 
used a rudimentary representation of the bilinear model and is denoted by “a” in figure 29 A. The 
“elastic” line Oa denotes a net deformation up to 1.1%. The second version that is shown in the 
figure was based on the cubic model and produced predictions that agreed completely with the 
experimental cycles at low strain. The bilinear model behaved elastically at deformations up to 1 %, 
so the simulated damper did not convert mechanical energy into heat and the calculated oscillation 
amplitude remained constant. Reference 12 provides an example of the use of the bilinear model in 
SMA damping of the oscillations of stayed cables: a fast initial decay of the oscillation amplitude 
was calculated. At later times, the oscillation amplitude remained constant (see, below, an example 
in figure 31 A).  
 
The experimental measurements in figure 29 A showed energy absorption for strains as low as 
0.4 %: the bilinear model clearly cannot capture such phenomena. The experimental cycles 
motivated the development of a phenomenological cubic model. The model is called "cubic" 
because the loading and unloading paths of the cycle are represented by polynomial cubic 
equations. The model was constructed using four points from the loading and unloading paths of an 
experimental curve. Both paths were constructed by using the same first (M0) and last (Me) points. 
Two other points for the loading path (L1 and L2) and for the unloading path (U1 and U2) were 
selected from the experimental curve. In the example considered, the coordinates were extracted 
from the data represented in figure 29 A (see table 2). 
 
Table 2. Data for the cubic fits.  
 
Point M0 Me L1 L2 U1 U2 
 (m/m) 0 0.0636 0.0166 0.043 0.0112 0.045 
 (MPa) 0 531 252 350 52 200 
 
The coefficients, c0 to c3, of the cubic polynomial equation  = c3 
3
 + c2 
2
 + c1  + c0 were 
determined by forcing the curve to pass through the four selected points. Of course, different 
polynomial equations were obtained for the loading and for the unloading paths. Very good 
agreement with the experimental data was obtained by selecting appropriate data points.  
 
3.12.1. Constructing partial loops 
 
Partial loops could be immediately constructed using the bilinear model. At the return point of the 
“transformation” line, the path was parallel to the elastic parent (or martensite) up to the arrival at 
the retransformation path. When the external load did not exceed the end point of the elastic regime 
(“a” in figure 29 A), the hysteretic area was zero and the damper did not produce any damping 
action. With the bilinear model, the initial and the final section of the loop were usually equal in 
slope. For partial loops, the path was parallel to M0-a.  
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Constructing partial or internal loops within the cubic model is fairly complex and requires a 
working hypothesis. For partial cycles inside the hysteresis cycle, another polynomial equation was 
derived by selecting the data points and the slope at the beginning and end of the partial cycle.  
Partial cycles starting at * were generated by fitting a fourth-degree polynomial (curve B in figure 
29 B)) to the three points *, a, and O, which corresponded to the return point, 20 % of the 
associated deformation (O-a) and the origin (O) of the hysteresis cycle. The fit used two slope 
values from the retransformation curve at M and at O (i.e., s1 and s2). The return point of the 
internal loop r used two transformation slope values (at O and at M) and at the three points, r, b 
and M. The fit (curve C) remained relatively close to *. The choice of 20 % for the initial (a) and 
residual deformation (b) corresponded to a satisfactory asymptotic fit of the calculated curves to the 
experimental data. Experimental tests were performed to compare the experimental energy with the 
calculated energy for the partial loops. The differences between the experimental and calculated 
energies were under 20 %. The complete hysteretic cycle was used in this approach. The reduced 
transformation cycles can always be fitted as well, as described in Section 3.8.  
 
Figure 29. Bilinear and cubic models in SMA simulation. A: Cubic fit and bilinear model 
(OABCD). B: partial loop as measured and calculated using a fourth order polynomial.  
 
In addition to simulations, the dissipated energy of the SMA damper can be directly evaluated using 
a quadratic fit of the hysteretic energy plotted against the SMA deformation. For the level of pre-
stressing used, the phenomenological approach was used to calculate the frictional energy by 
multiplying the experimental maximal displacements of the cable by the energy extracted from 
fitting the energy versus deformation curve in figure 19 B. The result was used for the appropriate 
cable frequency determined via the figure 19 C.  
 
3.12.2. Simulation of the ELSA experimental measurements  
 
The ELSA cable was 45 m long and inclined at 21 from the floor to a high position in the ELSA 
main building. Figure 30 shows the simulation results for the ELSA cable. The tension in the cable 
was 250 kN, the simulations actuator (a vertical force) was applied to the cable at 27% of its length 
(near the end of the cable on the floor). The SMA damper was installed vertically at 22% of the 
cable length on the same side. The model was built using finite element software ANSYS 13.0 with 
a Mechanical APDL interface. The cable was represented by 100 beam elements (BEAM3 element 
type) and both extremities were clamped (i.e., the displacements and rotation were set to zero). The 
cable data showed that the cable cross-section was made of four stranded steel cables 
(E = 200 GPa), each with a 15-mm diameter, that were inserted into a polyethylene sheath 
(E = 600 MPa) with a 3.5-mm thickness and a 76-mm external diameter. The sheath was filled with 
wax (E = 27 MPa). The cable had a mass per unit length of approximately mL = 9.8 kg/m.  
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Figure 30. ELSA, cable No 1, displacements at the center. A: Simulation with wax (free cable) and 
with a damper by only one wire of SMA. The situation without wax was unavailable from 
experiments, but is shown here as simulation. B: direct determination of the frequencies on the 
ANSYS simulation. The experimental behavior is shown in fig. 26 A   
 
Given the dimensions and the material properties of the cable, the Stiffness-Inertia (EI = 35 400 
Nm
2
) and Stiffness-Area (EA = 1.3×10
8
 N) products were calculated for the entire cable cross-
section. An equivalent density *, Young's modulus E* and inertia moment I* were defined to 
simulate a uniform circular beam with the same properties as a cable made of different materials. 
Given the cable length and cross section of L = 45 m and A = 0.0045 m
2
, respectively, and the 
following known values for the products of the real cable (mL = *A = 9.8 kg/m, E*I* = 35 400 
Nm
2
, E*A = 1.3×10
8
 N), the equivalent properties of the cable were * = 2175 kg/m3, E*= 29 GPa 
and I* = 1.2×10
-6
 m
4
.  
 
The damper was modeled as a single bar element (LINK180 element type), which was attached to 
the cable at one end and pinned to the ground at the other end. The damper was considered to be a 
single NiTi wire, which was 4 m long with a 2.46-mm diameter. The SMA behavior was described 
by the cubic model and implemented in ANSYS through the USERMAT architecture. The cable 
was excited by a sinusoidal force varying between 0 and 100 N, at a frequency of 1.81 Hz for the 
free cable and a frequency of 2.04 Hz when a damper was used. After 20 s of excitation, the force 
was released and the cable oscillated freely for another 20 seconds. The numerical approach 
calculated the behavior of the “steel cable” alone, the effect of the wax and the action of the SMA 
damper: the frequencies were directly evaluated from the simulation results with and without the 
SMA. The experimental results agreed perfectly with the simulation, showing the relevant and clear 
effects of damping by the SMA for stayed cables embedded in wax inside a polyethylene sheath. 
 
3.12.3. IFSTTAR cable simulations  
 
The transitory behavior of the IFSTTAR cable was measured. In this case, the cable started 
oscillating under the action of a Heaviside step function. The situation was dynamically different 
from the measurements performed at ELSA where the oscillations were induced by periodic and 
resonant actuations. At IFSTAR, forces of 1, 2, 3 or 4 kN were used to displace the cable. A sudden 
termination of the force (corresponding to a Heaviside decay function) produced spontaneous 
oscillations that decayed because of the action of frictional forces on the cable.  
 
The simulation for the IFSTAR cable was similar to the ELSA simulation but was adapted to the 
IFSTTAR horizontal cable, which was 50.5 m long with a mass per unit length of 16.1 kg/m. The 
IFTSAR cable was made of steel (E=200 GPa) with an initial tension of 960 kN. The cross-section 
of the cable was made of 159 stranded wires forming a core and 7 additional layers. The outer 
diameter, cross-sectional area and moment of inertia were 55.6 mm, 1936 mm
2
 and 3.03×10
-7
 m
4
, 
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respectively. Figure 31 summarizes the simulation results. Figure 31 A shows the results obtained 
by using the bilinear model, which inaccurately predicted the damping effect for the small 
oscillation amplitudes. Figure 31 B shows that the cubic model produced results that were similar to 
the experimental measurements. 
 
Figure 31. Simulation: free and damped oscillations. A: bilinear SMA model. B: cubic SMA model. 
Dots: evolution of the frequency from the simulation.   
 
3.13. Constructing a SMA damper  
 
A SMA damper should be constructed to realize the desired damping action in the requisite cables. 
It is necessary to establish appropriate criteria for an SMA length that corresponds with the requisite 
fracture-life. Two requirements are mandatory for an appropriate and efficient damper. The first 
requirement is related to the length of the SMA wires that will be used with a large number of 
working cycles. The SMA dampers are required to damp the oscillation amplitude by half or less. 
Let “x” denote the acceptable residual amplitude after damping. The required length () for the 
SMA wires, which must endure the anticipated millions of working cycles, must ensure that the 
oscillation amplitudes do not exceed 1 %. The length () can be related to the oscillation amplitude 
(x) as follows:  
 
0.010  = x(NiTi)                              (4) 
 
Table 3 shows the available data for the cables at ELSA and IFSTTAR and an indoor cable at the 
Pavia University [118-119], which was used to provide an extreme comparison. The Pavia 
university cable was a thin steel cable with a 2-mm diameter to which several lead balls were 
attached to increase the cable inertia to reduce the experimental frequencies to approximately 5 Hz. 
The cable uses one SMA wire with 0.1 mm of diameter.  
 
 
Table 3. Dampers in ELSA, IFSTTAR, and Pavia. 
 
facility. L 
m 
SMA 
(wires) 
length() 
mm 
NiTi 
SMA  
 in mm 
(cable)
in MPa 
traction 
force 
fSMA
near 
cable 
diameter 
x 
mm 
f 
Hz 
ELSA 45 1 4140(*) 2.46 283 250 kN 1.5 kN 4*15 mm 60 2 
IFSTTAR 50 2 1260(
X
) 2.46 390 1000 kN 3 kN 57 mm 50 3 
Pavia 2.36 1 1229(**) 0.1 43 133.8 N 2 N 2 mm 40 5 
 
 (*) appropriate length with larger fracture life.  
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(
X
) shorter length inducing reduced fracture life.  
(**) fracture life that requires deeper study  
 
For the second requirement, the SMA force was compared to the dynamic forces in the cables, 
which were considered to act in the same direction for the purposes of a rough estimate. An 
appropriate level of damping was obtained with a 0.1-mm diameter SMA NiTi wire. The 
experimental results were similar to the ELSA results. The basic concept is that the ratio of the 
dynamic forces in the cables, which are associated with the oscillation amplitude, the frequency and 
the cable mass, was similar to the force ratio for the SMA dampers. The ratio between the cross-
sections could be considered or the ratio between the wires (N) multiplied by the cross-section.  
 
The ratios between the Pavia cable and the ELSA cable were as follows:  
 
 
 
2 2( )
0.0012
2 2( )
2
0.0016
2
*
*
Pavia cable Pavia cable
ELSA cable
ELSA cable
SMA Pavia cable SMA Pavia cable
SMA ELSA cable
SMA ELSA cable
L xrF
Dynamic force ratio
F L xr
force
force
r
r
  
  



  

 
          (5) 
 
The calculated ratios show that the proposed approach is fairly satisfactory. To identify the two 
ratios, the SMA cross-section for a new damper is calculated as follows:  
 
 
sec
sec
2 2( )2sec
2 2( )
*
new cable SMA new cable SMA new cable
ELSA cable SMA ELSA cable SMA ELSA cable
new cable
SMA new cable
SMA ELSA cable
ELSA cable
cross tionforceF
cross tionforceF
L xr
cross tion
L xr
r
  
  

  



    (6) 
 
The number N of SMA wires with the same cross-section is given by  
 
 
 
2
2
*
*
SMA new cable SMA new cable
SMA ELSA cable
SMA ELSA cable
force
force
N r
N
r


 
                                 (7) 
 
Using formula (7), the number (N) of SMA wires with equal diameters is given by  
 
2 2( )
2 2( )
new cable new cable
ELSA cable
ELSA cable
L xrF
N
F L xr
  
  

 

                      (8) 
 
When the IFSTAR cable was used as the “new cable”, the value of N was 1.8: the measurements 
used two wires (N=2). Equations 4 and 6 (or 4 and 8) are rough estimates for the length and cross-
section or number of equivalent SMA wires that could be used to construct a satisfactory SMA 
damper.  
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 3.14 Part Three: Summary  
 
The experimental results showed that the polycrystalline NiTi wires exhibited satisfactory 
characteristics for damping the oscillations of stayed cables. After obtaining appropriate lengths of 
2.46-mm diameter wires, the wires must be initially trained. 100 working cycles at 0.01 Hz can be 
used for this initial training. For such training, the SMA creep induced an irrecoverable increase of 
approximately 2 % in the length. Subsequent creep was practically negligible. After training, the 
coupling effects between the external cooling, self-heating and the hysteretic shapes were reduced. 
Using smaller deformations (i.e., below 1 or 1.5 %) resulted in an appropriate fracture-life that 
exceeded several million of working cycles. Pauses in between the series of working cycles induced 
local changes in the hysteretic behavior: for larger numbers of cycles, these changes were 
negligible. The hysteretic shape after training was approximately S-shaped. This behavior can 
enable SMA dampers to be used outside in the Western Europe, i.e., between 253 and 313 K. 
Stress-aging studies have shown that a monotonic and permanent hysteretic shape change up to 
800-1000 MPa can enable a SMA damper to function in climates as in south Canada (233 to 
313 K).  
 
Simulation of the cable behavior required the use of the cubic model and appropriate rules to build 
internal loops to satisfactorily represent the partial and internal loops in the hysteresis cycle. The 
classical bilinear model cannot be used for small deformations, i.e., for strains below 1 %. Using the 
cubic model and the Clausius-Clapeyron equation, if required, with ANSYS generated a complete 
picture of the behavior of the free cables and the cables with the SMA dampers. Comparing the 
behavior of the standard ELSA and IFSTTAR cables with the thinner cable at Pavia University 
enabled rules for damper preparation to be formulated that can be adapted to any cable.  
 
 
PART FOUR 
 
One of the most important damping applications in civil engineering involves the smoothing of 
oscillations induced by earthquakes in civil structures. Earthquakes can induce severe oscillations in 
steel structures that can eventually result in permanent deformations by plastic effects. In masonry 
and concrete structures, brittle fracture can induce catastrophic results. Thus, the oscillation 
amplitudes induced by earthquakes must be lowered by approximately half or less (i.e., the 
oscillation energy must be, at least, decreased to 25 % of the original energy) to reduce or suppress 
the damage to the structure that can be caused by larger amplitude oscillations. The main 
application for SMA dampers [9] is to reduce the oscillation amplitude to a level that circumvents 
the plastic deformation of steel. Such an analysis requires that assumption for the intensity of the 
earthquake and their effect to the structure. In this work, satisfactory damping effects were 
determined for earthquakes that were assumed to remain under 7.0 or 7.5 on the Richter scale [19, 
120].  
 
4.1 Introduction  
 
The damping of oscillations requires the use of appropriate passive or semi-active dampers in a 
structure. Classical solutions use plastic elements in steel or tuned mass devices coupled with 
hydraulic dampers [9]. Dampers may use magneto-rheological fluids with computerized control of 
an external magnetic field to modify the fluid “viscosity” in semi-active assemblies. The use of 
semi-active elements requires permanent service, i.e., a continuous supply of electrical power and 
regular technical support for software and/or computing and control requirements. Permanent 
service is usually available for large buildings or skyscrapers. SMA alloys offer the advantage of 
passive damping devices that are controlled by a hysteresis cycle. These devices can be built to 
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work without external energy and computerized control. These conditions require that the properties 
of the material remain fairly unchanged [19]. For example, the material properties should be 
unaffected by seasonal (summer-winter) temperature changes over the expected period of inactivity 
(typically, tens of years). The SMA should then be able to respond effectively when an earthquake 
induces oscillations in the structure.  
 
In general, successful use of SMA [121] requires a deep and clear knowledge of the effective 
conditions required for each application and the actual responses of the SMA under these 
conditions. For instance, the use of a pre-stressed material that can improve the performance of 
damping devices is not typically an appropriate solution for Cu-based alloys. This limitation arises 
because Cu-based alloys stabilize martensite over time, producing unexpected paths in the phase 
coexistence trajectories. The best alternative is to build an appropriate mechanical device that 
creates a pre-stressed state with the energy extracted from the induced oscillations at the beginning 
of the earthquake. This alternative approach was described in reference [108].  
 
While NiTi can be used for damping, this analysis was performed on a poly-crystalline CuAlBe 
SMA for the low strength steel structures that are used in family homes [122]: the number of 
working cycles for earthquake damping is limited and the Cu-based alloy is cheaper than NiTi.  
 
A family home was composed of two sections of one and two floors. A roof garden was located in 
the section with one floor, increasing the load on this section. Using porticos in the structure of the 
house enabled the dampers to be allocated to the diagonals of the lateral porticos. In this study, the 
structure investigated corresponded to a practical allocation of the dampers.  
 
The first-order phase transition with hysteresis in the SMA is governed by thermodynamic laws, 
such as the Clausius-Clapeyron equation, whereby increased transformation stresses in coexistence 
zone are induced in the summer relative to the winter. However, dampers are usually situated inside 
a house, which smooth the amplitude of the daily and annual external temperature waves. The 
fatigue behavior, the long-time temperature aging effects and the effects of self-heating for cycling 
at approximately 1 Hz were studied in this paper. The action of the damper on an experimental steel 
portico is presented at the end of the paper: an inverted U-shaped structure, 247 cm high and 410 
cm long with a two ton loading was studied. The effect of externally-induced oscillations with and 
without a SMA is described, showing that a CuAlBe SMA and NiTi wires can efficiently mitigate 
induced oscillations. A FEA simulation of the portico with and without CuAlBe and NiTi using 
ANSYS is briefly summarized at the end of the paper.  
 
4.2 Experimental  
 
A CuAlBe alloy [123] was studied for damping earthquake-induced oscillations. The wires were 
provided by a Research Center of TREFIMETAUX, France in 2003 and by NIMESIS, France in 
2004 and from 2005 to 2009 from the original casts. The reference data for the AH140 
(Trefimetaux) cast were as follows: Ms = 255 K; Mf = 226 K; As = 253 K; and Af = 275 K. The 
corresponding chemical composition in mass per cent was as follows: Al = 11.8; Be = 0.5; and Cu = 
87.7. The A140 cast for CuAlBe had a Clausius-Clapeyron coefficient of approximately 2.2 MPa/K 
[27]. Several lengths of the wires were used in testing i.e., from 150 to 900 mm, usually with a 3.4-
mm diameter [95]. The furnisher dispatched the CuAlBe alloy after direct extrusion (at 1173 K) of 
the wires and cooling by a water stream at room temperature. The as furnished alloy had a mixture 
of  + phases. A large progressive and permanent residual deformation was induced in the alloy 
under stress because of SMA creep and plastic deformation of the  phase.  
 
Practical application of the alloy requires a homogenization process, such as conventional heating to 
1123 K for several minutes (i.e., 10, 20, 30 or 40 minutes) to ensure homogenization in the beta 
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phase and an increase in the grain growth. Following homogenization, the specimen was quenched 
in water at room temperature (i.e., 293 K) [124]. Further long-time aging of 1 or 2 months at 373 K 
resulted in a more stable Ms value (see Section 4.3). An additional month (or more months) of 
aging at 353 K was found to improve the stability of the material, i.e., a steady state could be 
obtained with a lower tendency toward Ms evolution. To attain a steady state by aging required an 
extremely long time, as shown in Section 4.3. This aging process induced a slow decrease of the 
CuAlBe Ms temperature, as shown in figure 2 of [125]. The experimental analysis was improved to 
ensure good results for the long samples that were required for the application. Table 3 describes 
the sets of standard cycles with progressively higher deformations that were used in the thermo-
mechanical treatments (in traction only). The steel axis shown in the left and right sections of figure 
32 is appropriate for pure traction experiments and can easily slip inside the brass cylinder that 
supports the SMA wires to prevent compression, bending or buckling. The main part of the 
measurements was conducted using two “Universal Testing Machines” (the INSTRON and MTS) 
with temperature chambers, as indicated in Section 3.2. The force exerted on a sample with a 
diameter of 3.4 mm, for strains up to 3.14 %, ranged between from 0 to 4 kN/wire (and up to 450 
MPa in figure 2 A in Part One).  
 
The single crystals used in this study had a similar composition to the polycrystals of Cu-11.4 wt % 
Al-0.53 wt% Be (22.63 at %Al, 3.15 at % Be); the crystals were provided by Nimesis (France) and 
were likely induced by the semi-industrial Bridgmann method. Several wires that were 1.3 mm in 
diameter and approximately 200 mm long were used for the experiments described here. The single 
crystals were oriented 7 degrees from the [001]β direction to the [011]β direction, as determined by 
the Laue X-Ray method. Specimens with different lengths were obtained from the single crystal by 
cutting with a low speed saw: 60-mm long samples were used for mechanical testing and 10 to 
20 mm long samples were used for the electrical resistivity measurements.  
 
The single crystal samples were heat-treated as follows: the samples were heated for 900 s at 1110 
K and quenched into water at 373 K. After approximately 60 minutes at this temperature, the 
samples were air cooled and then mechanically and electrolitically polished (using 7 steps at 9 V in 
a solution of 15 % nitric acid in methanol). To determine the temperature range of the pseudo-
elasticity, the martensitic transformation temperatures for the heat-treated condition were 
determined. Sample A1 (Table 1) was studied by electrical resistivity measurements using the four-
point method. The following characteristic temperatures were obtained: Ms = 296 K, Mf = 246 K, 
As = 270 K and Af = 302 K. A complementary measurement performed after maintaining the 
specimen at 373 K for 4 additional hours did not show any noticeable variations in the transition 
temperatures. Therefore, 1 h at 373 K was selected as the appropriate aging treatment for attaining a 
stable starting condition for further mechanical tests over the time scale used for the inter-
martensitic analysis.  
 
Mechanical tests were performed with the Instron 5567 and the temperature chamber, as described 
in Part Three. Tensile specimens with a free length of 40 mm between the grips were used. The 
deformation was measured by an extensometer MTS 632.13F-20 with a gage length of 10 mm, 
which was attached to the central portion of the specimen to prevent parasitic deformation of the 
measurement device. The tests were performed at a crosshead speed of 0.1 mm/min to prevent 
temperature effects associated with the heat of transformation. This speed corresponded to a mean 
strain rate of 4.2×10
-5
 1/s. The load was determined using a Load Cell Instron 2525-810 with a ±1 
kN maximum load. The test temperatures were measured by a Chromel-Alumel thermocouple that 
was spot-welded to the specimen. The thermocouple was calibrated with a temperature calibrator, 
AMETEK model ETC 400-A12. 
 
4.3 Ambient aging effects in CuAlBe alloys 
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Cu-based alloys, such as CuZnAl single crystals, show a slow transformation-temperature evolution 
as the room temperature varies in time. The Ms tracks the room temperature with a well-defined 
time constant and temperature-dependence. The Ms is an experimentally recoverable parameter, 
which depends on the external room temperature. Further details can be found in [39]. The Ms 
temperature of the CuAlBe polycrystalline alloy evolves when the parent phase is aged at different 
ambient temperatures and at different times. The change in the Ms for CuAlBe is opposite to that 
for CuZnAl, i.e., the (dMs/dTroom_temp)CuAlBe is positive and negative for CuZnAl. Thus, at steady 
state, the Ms depends on seasonal temperature changes.  
 
 
Figure 32. Photograph of a SMA damper. The device shows only two SMA wires. A: clamps. B: 
eventual pre-stressing device. C: elements with holes for several SMA wires. The SMA wires and 
the steel axis can slip avoiding any compressive part in the working cycles.  
 
This temperature-time effect on the alloy can be studied by electrical resistance measurements of 
the Ms transformation temperature: relatively fast cooling-heating cycles must be used to 
circumvent maintaining  the CuAlBe alloy under several “constant temperatures”. A rough but 
reliable estimate of the Ms value as a function of time can be determined from the intersection of 
the martensitic transformation with the electrical resistance-temperature curves (see figure 33). The 
arrows in figure 33-A indicate a reproducible method of determining the Ms value: the intersection 
of the arrows indicates the resistance branch of the parent phase. The other arrow indicates the 
inflexion point in the heterogeneous zone (containing the parent and martensite phases). Sets of 
measurements have shown that an alloy situated inside family homes is not significantly affected by 
several years of summer-winter temperature cycles. Figure 33-B shows that the Ms evolved with 
time and the aging temperature. For a summer temperature of 303 K and a winter temperature of 
278 K, the maximum oscillation of the Ms value would be less than 13.5 % of 25 K (i.e., below 
5 K). Figure 33-B also shows that the Ms value of the alloy reached an asymptotic value after two 
months of aging at temperatures over 353 K. After reaching steady state, the Ms tracked the 
external room temperature.  
 
For aging at temperatures close to or under 373 K an increase of 20 K (i.e., from 373 to 353 K in 
figure 33 B) in the room temperature induced an asymptotic increase of 2.5 K in the Ms [125]. The 
temperature oscillations corresponded to annual summer-winter changes are highly damped by the 
time constants. The peak-to-peak amplitude of the annual summer and winter oscillation inside one 
house, i.e., 20 K, can induce minor ripples in the Ms (of approximately 1 K).  
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Figure 33. Hysteresis cycle evolution due to temperature and time aging. A: Hysteresis cycle in 
resistance against temperature (after aging at 373 K (a and b), and at 353 K (c) (at right). The 
resistance cycles (a, b, c) are associated to the Ms temperatures established by the a, b, c dots in 
right part. B: The Ms evolution against time after quench and aging at 373 and 353 K. Further 
aging at 373 and 353K shows the tracking action on the Ms (reproduced with permission from 
[125], Isalgue A, Fernandez J, Torra V, Lovey FC. Conditioning treatments of Cu–Al–Be shape 
memory alloys for dampers. Mat Sci Eng A Struct 2006; 438–440: 1085–8).  
 
Depending on the quality of the experimental data, several time constants (1, 2, 3, …) can be 
extracted; two time constants, i.e., 1 and 2, can be extracted from the measured evolution of the Ms 
during aging, i.e., 1, and 2, of a CuAlZn single crystal alloy [see references 39 and 109, for 
example]. Aging in a polycrystalline CuAlBe alloy induces slow phenomena and only one time 
constant could be determined. This time constant 1 depends on the temperature (table 1) through 
the activation energy. The relationship between the time constant and the temperature is given by  
 
Loge(1) = -3.472 + 5740 / T  (T in K and 1 in s)    (9) 
 
The Ms value can be extracted from resistance measurements. The resistance can be decomposed in 
two terms: a phonon contribution and an atomic order contribution (R*). The  parameter is a 
temperature coefficient associated with the phonon contribution. The resistance can be written as 
follows:  
 
R(T, order) = R*(order(T)) +  (T – TRT)    (10) 
 
At steady state, when the temperature is stable and constant at a value TRT over a long time (), the 
Ms is only a function of TRT:  
 
Ms∞ = Ms(TRT,t=∞)     (11) 
 
 
Setting the time origin after an infinite time under fully steady conditions (at constant temperature), 
the room temperature TRT becomes equal to an “order” temperature T1(t), which represents the 
actual ordered state: 
 
T1(t  -∞ → 0) = TRT(t = 0)   (12) 
 
Following a temperature step between Ta and Tb, the Ms evolved exponentially with a time constant 
1 that depended on the final temperature value Tb. This experimental result is described by 
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equation (13). The behavior of T1, which is not restricted to evolve with TRT(t), under an externally 
varying temperature can be determined by the solution of the following differential equation: 
 
 1 1 RT
1
dT 1
T T
(T)dt τ
             (13) 
The differential equation shows that T1 tracks TRT. The solution following a step in TRT is an 
exponential in T1(t). When the process involves N independent order parameters, equation (13) is 
replaced by a set of N independent differential equations. Experiments have found two order 
parameters for the CuAlZn single crystal. A similar formalism can be applied whereby two 
differential equations must be solved and the evaluation of the Ms is given by the following 
equation:  
 
Ms(t) = Ms(t=0) +  ki {Ti(t) – TRT(t)}      (14) 
 
The ki coefficients were determined from the comparison between the calculated values and the 
experimental results [39]. For CuAlBe, the solution of the differential equation (13) for TRT(t) is 
used in the numerical solution for T1(t) (the order temperature); the solutions for TRT(t) and T1(t) 
can be converted to an expression for the Ms time evolution as follows:  
 
     s RT s RT 1 1 RT(t), (t) (t 0) (t) (t)t 0,M T M T k T T            (15) 
 
k1 can be determined from the experimental results for a temperature step. The value of k1 for the 
CuAlBe SMA was 0.135 [108].  Values of time constants at different temperatures for 
polycrystalline CuAlBe are also given in table 4. Installing dampers inside a house reduces the 
effects of the temperature changes over the summer and winter. For steady changes of 30 K, the 
Ms was found to be 2.7 K. Thus, the time-temperature effect was negligible.  
 
Table 4. Diffusion phenomena and asymptotic temperature effects on Ms for the CuAlBe alloy. 
 
Parameters Alloy: CuAlBe [9] 
1 from measures 1.95 days at 373 K 
1 from measures 4.63 days at 353 K 
1 extrapolated  116 days at 293 K 
Activation Energy 5740 K 
100Ms/TRT 13.5 
 
4.3.1 SMA creep effects 
 
Shape memory alloy creep has been found to occur during cycling in the pseudo-elastic range. SMA 
creep consists in the accumulation of residual deformation, and is associated (as in Section 3.5) with 
the maximal stress. The stress value was increased by the imposed deformation and by the local 
temperature values, which were induced by the room temperature or by self-heating. The creep 
reduced the recoverable pseudo-elastic elongation of the material and increased the sample length at 
zero stress, leading to a deterioration of the damping capacity and a loss of re-centering capacity 
when the creep increased during working. As with the cable oscillations, creep in the working 
cycles caused malfunctioning of the damper: the small amplitude oscillations were not smoothed.  
 
For specimens with standard heat treatment, a short homogenization time and a short aging time at 
373 K, the creep increased to over 2.5 % at a maximum imposed strain of approximately 6 % [126-
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127], as shown in figure 34. The figure shows that when small deformations were imposed (at 
approximately 3 percent or less), the creep remained near 0.50 %.  
 
Longer homogenization times (i.e., 40 minutes at 1123 K) were associated with large grain growth 
[112 128] and increased fragility. In a civil structure, the required damper lengths should exceed 
700 mm (750 mm in section 4.7), so that the SMA could not satisfy the expected fracture-life that 
was obtained for sample lengths of 100 or 150 mm. Large grains produce good results in laboratory 
measurements, but poor results for industrial samples with an immediate crash. Some ductility is 
highly desirable for industrial application. This situation occurs relatively frequently in studies of 
SMA behavior. The laboratory tests produce satisfactory results, but cannot be easily extended to 
industrial applications. Testing in the real world is always recommended.  
 
Figure 34: Progressive deformation on cycling. Standard heat treatment: two minutes at 1123 K 
and 1 hour of aging at 373 K. (Reprinted from ref. [19], with permission from Elsevier)  
 
To satisfy the damper requirements, studies were carried out at different homogenization times (10, 
20, 30 and 40 minutes). Better results were obtained for a homogenization time of 10 minutes at 
1103 K, followed by water quenching, a similar aging process over 1 or 2 months at 373 K and 
aging for an additional month at 333 K (as shown in the figure 33 B). The creep value depends on 
the homogenization time and the thermo-mechanical treatment of the samples.   
 
Figure 35 A illustrates a case where the deformation imposed on the specimen was gradually 
increased from approximately 0.8% to 5.5 % by the strain steps shown in table 2. Figure 35 A 
shows an initial series of cycles (a) at 307 K up to a deformation of 3.14 % with a creep of 0.5 %. 
Later, at room temperature (294 K) (b), the creep remained constant for deformations under 4 %. 
The creep increased at the end of the cycling process (c). For the fatigue measurement in (d), only a 
small increase in the creep from 1.5 to 1.8 % (i.e., approximately 0.3 %) could be observed. Figure 
35 B provides the complete sets of cycles and the total creep versus the number of cycles. After the 
complex training (a+b+c) the final mean net value of the creep was 1.5 % (the effect of the grips in 
the initial sample positioning produced a creep of 0.3 %). Thus, the creep decreased in comparison 
to that for a progressive deformation of up to 6 %, as shown in figure 34 (in this case 2.7 %).  
 
For a systematic analysis, the different cycling steps were divided into modules that were 
characterized by three parameters: the strain, the cycling frequency and the number of cycles. The 
set of modules that were used in a series of near exhaustive measurements are listed in table 5. The 
cycling frequency was relatively fast (0.5 and 0.25 Hz), but somewhat lower than that expected in a 
civil structure. Figure 36 A shows the hysteretic energy corresponding to the measurement of the 
fatigue evolution in (d) of figure 35 A. The fatigue measurement (shown by an arrow) showed a 
 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 
decrease (25 %) in the energy after 1000 cycles of work, which was mainly associated with the 
small increase in creep in cycling (see figure 35 B) or a minor decrease of the hysteresis width.  
 
Figure 35. CuAlBe wire of 3.4 mm of diameter (Trefimetaux-France: cast AH140) with short 
homogenization time (10 min) and extended aging (two months at 373 K). Left: three series of 
working cycles: two of “training” as a, and b+c and one of the fatigue as d) performed with one 
MTS equipment using the strains described in Table 2. Right: progressive strains versus time 
showing the growing of SMA creep.  
 
Two sets of cycles are shown in figure 36 B. The first series comprised 100+10 cycles at 0.01 Hz 
and the subsequent series of cycles to fracture (3616 cycles) was performed at 0.5 Hz. The smaller 
deformation value (3.14 %) corresponded to 0.75 % from sample adaptation to the grips and 0.4 % 
of creep from the cycling part. While 3 % deformation is considered to be “sufficient” for samples 
that were used directly, the more sophisticated thermo-mechanical treatment described in the 
caption of figure 35-A allows a 4 % deformation.  
 
In the figure 36 B two sets of cycles are performed. First a series of 100+10 cycles at 0.01 Hz and, 
later, one series of cycles to fracture (3616 cycles) at 0.5 Hz. The global deformation (3.1 %) 
includes 2.3 of net strain 0.7 % of grips adaptation and 0.2 % of creep in the cycling part. When 
3 % is “sufficient”, it is possible to use directly the samples, the more sophisticated thermo-
mechanical treatment outlined in the caption of figure 35 A permits 4 %.  
 
Table 5. Sets of modules (with their code) for the cycling procedures used in the systematic analysis 
of SMA creep and fatigue. (f = 0.79% in strain). The M1 was used to check mechanical setup of 
grips in the machine testing.  
 
Code Amplitude (mm) Strain (%) Freq. (Hz) Cycles on the 
samples (N) 
M1 1*f 0.79 0.50 Usually 4 or 5 
M2 1.5*f 1.18 0.50 100 
M3 2*f 1.57 0.50 100 
M4 3*f 2.36 0.50 100 
M5 4*f 3.14 0.25 50 
M6 5*f 3.93 0.25 50 
M7 6*f 4.71 0.25 50 
M8 7*f 5.50 0.25 50 
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Figure 36. CuAlBe alloy in wires of 3.4 mm of diameter {Trefimetaux (France): cast AH140} 
subjected to quench after a short homogenization (10 min) and long aging (1 month at 373 K). A: 
hysteretic energy corresponding to part d of figure 35 A. In the fatigue part, cycling at 0.5 Hz, (part 
d) the net deformation was close to 4 %. B: Fatigue analysis after training at 0.01 Hz, sample with 
2 months of aging at 373 K and with net deformation of 2.14 % 
 
SMA creep is caused by permanent sample deformation that is induced by grain accommodation in 
response to the shape change induced by the martensitic transformation. Two mechanisms operate 
simultaneously: dislocation creation and the appearance of stabilized small martensite plates by the 
dislocation stress field. The stabilized martensite can be recovered via appropriate re-heating at 
intermediate temperatures [124], giving a partial recovery of creep. Cycling after recovering 
immediately induces an equivalent creep if the sample has memory (i.e., local deformations) of the 
previous actions.  
 
4.4 Fatigue life and fracture in CuAlBe 
 
The fatigue life of the 3.4-mm diameter CuAlBe wires were analyzed following two stages of 
complete Thermo-Mechanical Treatment (TMT). The first stage consisted of homogenization and 
aging processes, as described in parts 4.2 and 4.3. In the second stage of heat treatment (or training), 
a series of modules from M1 to M5 at 318 K were carried out, as indicated in table 4. The fatigue 
life was then measured at room temperature (293 K), as shown in figures 36 and 37.  
 
First, a series from M1 to M6 or M7 was conducted to reach a nearly asymptotic SMA creep. Then, 
the specimen was cycled to fracture at M6 (figure 37 A). The life to fracture (for a net strain of 
approximately 3 %) in the samples increased at a lower amplitude deformation (or lower 
transformation stresses) in fatigue. Figure 37 A shows an initial step in the SMA creep that 
corresponded to the sample adaptation to the grips, but the actual creep was similar to that in figure 
35 (for the set of cycles in “a”). The intrinsic creep obtained by this method remained below 0.3%. 
The frictional energy decreased with the number of cycles (figure 37 B) for two series of 
consecutive cycles: a portion of the first series is shown in figure 37 A.  
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Figure 37. Initial part of the fatigue study using a polycrystalline CuAlBe wire of 3.4 mm of 
diameter. A: Initial sets of cycles between M1 and M7, later 200+2000 cycles of fatigue when  
using M6. B: Evolution of the frictional energy on cycling (only the fatigue part is included) for two 
sets of consecutive similar cycles as is outlined in the left figure. 
 
Figure 38 synthesizes the results on the number of cycles to fracture for the CuAlBe samples that 
were studied under different heat treatments and cycling frequencies. The martensitic 
transformation stress was higher for short homogenization times. For a homogenization time of 10 
min at 1123 K, a stress of approximately 450 MPa was induced at 3 % strain, as shown in figure 
2 A. The cycling procedure shown in figure 35 A reduced the maximum stress for cycling and 
therefore increased the fatigue life. The fatigue life exceeded 1000-2000 cycles, which is generally 
sufficient to damp earthquake oscillations in small buildings, such as family homes. The range of 
stresses that were measured in the fatigue tests was highly dependent on the homogenization time of 
the heat treatment, i.e., the stresses depended on the grain diameter.  
 
Figure 38. Fatigue tests for CuAlBe using wires with 3.4 mm of diameter. Fatigue cycling was 
realized at 0.5 Hz. The strain values are the true or net strain: the permanent deformation or SMA 
creep is subtracted. A: stress against the number of cycles for five different treatments realized in 
two laboratories (Lab A (UPC-Barcelona) and Lab B [CAB-Bariloche]). B: Associate true strain 
against the number of cycles to fracture  
 
4.5 Frictional energy dependence on the number of cycles 
 
The frictional contribution of the damper is related to the integral of the hysteretic cycle, which 
corresponds to the conversion of mechanic energy into dissipated heat [27, 122]:  
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· frictional energy dissipated heat f dx                 (16) 
 
Figures 36-A and 37-B show the results for the series of cycles to fracture, for which the energy 
progressively decreased with the number of cycles N. Fitting the curve with one, or two for greater 
accuracy, exponentials sufficed for a rough description of the behavior. The dissipated energy for 
strains up to 3 % decreased progressively with the working cycles. After 2000 working cycles, the 
energy decreased by approximately 30 %. At low strains, i.e., 1-2 %, the dissipated energy 
remained practically constant with cycling [129]).  
 
4.6 Testing CuAlBe SMA dampers: computational experiments  
 
A house was considered, composed of two sections of one and two floors, which were separated by 
an internal garden (figure 39). The garden was located on the roof of the section with one floor, 
increasing the load on this seemingly lighter section. Three porticos in the one-floor section of the 
house enabled the dampers to be allocated to the diagonals of the lateral porticos. In this study, the 
investigated structure corresponded to a practical allocation of the dampers.  
 
 
Figure 39. A: Outline of the family house. The structure was used for simulation of the SMA 
dampers behavior under “El Centro” earthquake. B: Potential position of the dampers in the 
portico diagonals (Reprinted from ref. [19], with permission from Elsevier). 
 
The simulation of the structure, with and without dampers, was performed using standard Finite 
Element Analysis (FEA) by ANSYS. The first simulation was performed for a one family home 
with a steel structure and a relatively heavy garden on the roof (using a 60 cm soil layer). The 
behavior of such a structure could be representative of other structures with heavy masses on top of 
the structure (for instance, emergency generators on top of a building). Appropriate pillars and 
beams were considered for the porticos: HEB (H-shaped cross section of beams, [130]) 140 and 200 
were used for the columns and HEB 240 and IPN (I-shaped cross section of beams, [131]) 160 were 
used for the beams (as shown in figure 40 A). The roofs were built by depositing a concrete slab 
over a thin corrugated steel plate to fill the space between the beams. An acceleration spectrum for 
the “EL CENTRO” earthquake (figure 40 B) was used as an input to the simulation of the response 
of the structure and the appropriated loads with and without dampers. The main objective was to 
use the dampers to reduce the undamped oscillation amplitude by half and to ensure that the 
damped amplitudes did not overcome the plastic deformation threshold of the steel parts (the beams 
and columns) of the structure.  
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Figure 40. A: Schematic view of the studied portico. The cross bars on the lateral portico outlines 
the dampers. B: Acceleration pattern induced by “El Centro” earthquake (Reprinted from [19], 
with permission from Elsevier). 
 
The bilinear model cannot satisfactorily describe complex trajectories in hysteresis cycles. The 
CuAlBe SMA behavior was simulated with ANSYS using a Merge of 9 Bilinear Models that were 
organized mechanically in parallel (M9BM) that fits well the highly complex trajectories of 
experimental data [19]. Good results for the mechanical cycles were obtained at a reduced 
computation time. The “cubic” model (Section 3.12) could also have been used in the portico 
simulations. The figure 41 shows the association in parallel (A) of the 9 bilinear models for the 
simulation of the partial and internal loops of CuAlBe SMA. The figure shows the comparison 
between the experimental measurements dots) and the calculated cycles (line).  
 
Figure 41. Modeling complex cycles.  A: bilinear models used in the simulation. B: comparison 
between the M8BM model (line) and the experimentally measured loops (dots) in the hysteresis 
cycles for CuAlBe.  
  
The Clausius-Clapeyron equation was also used as input to the simulation to model the effects of 
the room temperature (i.e., temperature variations from summer to winter). The results of the energy 
absorbed by the dampers showed that pre-stressed dampers (clearly under 1 kN/wire) were clearly 
more efficient in absorbing the oscillation energy. 
 
A general recommendation is that the forces induced by the dampers on the porticos should not 
exceed approximately 20-30% of the dynamic forces exerted on the porticos without dampers. 
Therefore, the resonant frequencies of the structure would be altered only slightly by the presence 
of the dampers (corresponding to a change of approximately 15% in the frequencies). The length of 
the SMA wires must be tuned based on the effective deformation that is induced in the diagonals by 
the earthquake and reduced by the dampers.  
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The SMA dampers in the simulation were situated in the diagonals, at the left and right sides of the 
structure arches: the structural response with and without dampers was then compared. The optimal 
damping for the El Centro earthquake was obtained by using dampers made of 25 CuAlBe wires 
with a 3.4-mm diameter and a 600-mm length. In the optimal case, the simulation showed that the 
maximum displacement (vibration amplitude) of the top of the portico was reduced from 6 cm 
without dampers to approximately 3 cm with dampers. The first positive result was the reduction of 
the vibration amplitude by half, which implies that 25% of the oscillation energy without dampers 
remained (i.e., an energy reduction of 75 %). A second very important result was that the limit for 
plastic steel deformation was attained for the steel portico without dampers, resulting in a 
permanent displacement of approximately 1 cm. With the dampers, the plastic steel limit was not 
attained and the initial positions were recovered after the event, i.e., the dampers left the structure 
unchanged and no additional re-centering was needed. In principle, only the dampers would need to 
be checked, adjusted or replaced after a moderate event (such as an earthquake measuring 6 or 7 on 
the Richter scale). 
 
The computation was also performed with pre-stressed dampers. Thus, the initial “elastic or nearly 
elastic” component of the SMA stress-strain behavior (see figure 41 B) was reduced and the 
dampers started working at very low displacements. The absorbed mechanical energy (which was 
converted to heat by the dampers) nearly tripled with 1% pre-straining and a reduced maximum 
oscillation amplitude. From a purely mechanical perspective, pre-stressing has clear advantages: 
however, the properties of Cu-based SMA are such that several years in a pre-stressed material state 
can induce spontaneous martensite stabilization that modifies (by a local increase of transformation 
temperatures) the SMA hysteretic behavior via a partial, or even total suppression of the 
retransformation process. 
 
Preventing permanent pre-stressing has been a convenient means of circumventing the inevitable 
difficulties associated with stabilization after several years of reduced transformation (at an overall 
strain of 0.5 %). An automatic device has been developed in the literature that uses the compressive 
component of the oscillation amplitude to reduce the effective length of the SMA wires, while 
increasing the absorbed energy when needed [108, 132]. The set-up (a passive element) acts as a 
pseudo-semi-active device without an external energy supply.  
 
4.7 Testing the CuAlBe SMA damper: experiments 
 
A partial test of the SMA behavior was carried out with a “shaking table” in 1-dimension (see 
figure 42). The steel portico (consisting of a 4.10-m long HEM-120 beam and 2.47-m high HEB-
100 pillars) and the lateral protective structures were built by TAMANSA (08050 Gavà, Catalonia, 
Spain). The portico was mounted over a chariot with wheels that were protected by supplementary 
reinforced walls to prevent “out-of-plane” oscillations. A hydraulic system moved the chariot in 
back and forth with sinusoidal displacements. Two inverted V-shaped light beams were fixed to the 
chariot to facilitate direct measurement, via a LVDT-HBM sensor, of the beam net displacement 
(with respect to the chariot basis). The maximum load used over the portico was approximately 2 
metric tons. A reference wall of concrete blocks was used to subject the actuator that displaces the 
chariot-portico device. The dampers (see figure 42-A) were installed in the portico diagonals and 
joined to the frame with steel cables. In the example described, the actuator induced nominal 
accelerations of 1.2 m/s
2
 and created oscillations of 2 or 3 Hz at the portico because of resonances 
(unloaded vs. loaded portico). The effective accelerations were similar to higher “EL CENTRO” 
accelerations.  
 
Figure 43 shows the oscillating behavior of the portico beam under the action of the external 
actuator, which generated 40 sinusoidal oscillations at 1 Hz (shown in the bottom section of the 
figure for the structure without the SMA), and the reduced oscillations under the action of the SMA 
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damper (top section of figure 43). In this example, the two dampers (one for each diagonal) were 
each built using two CuAlBe SMA wires that were 3.4 mm in diameter and 750 mm in length. The 
figure clearly shows the relevant amplitude reduction by the SMA dampers. A 80 % of reduction in 
the oscillating energy converted from mechanical energy to heat. In this case, a low pre-stressing 
(of 0.08 MPa) was used. The deformation corresponded to the displacement of the portico beam 
was measured by a LVDT sensor, i.e., the beam net displacement. The effect of the SMA damper 
was relevant in the comparison between the residual signals after the actuator was stopped. Figure 
43 shows that, with the SMA, the residual oscillations were practically reduced to zero in less than 
5 s.  
 
Figure 42. A: In the upper part of the inverted V-shaped against the portico-beam one HBM-LVDT 
sensor determines the relative position against time. The picture shows CuAlBe SMA dampers in 
the portico diagonals. In the rear, the reference wall (by concrete blocks) can be observed. B: 
positioning the loads in the top of the portico.  
 
Figures 43 and 44 show examples of the oscillations with and without SMA for loads situated near 
1000 kg. The frequency change in the structure by the SMA actions not seems relevant. The 
measurements showed a change in the relative significance of the different frequencies. The 
dampers installed in the portico diagonals were built to produce approximately 30-40 % of the 
dynamic forces that were expected to be induced by the earthquake oscillations. The SMA length 
(for an expected maximum pseudo-elastic strain below 4 %) was chosen to provide the expected 
strain during the damping event.  
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Figure 43. A: Oscillation amplitude in the portico beam (half load), without and with CuAlBe SMA 
damper visualized in figure 32 and 42 A. B: frequencies via FFT, top: without SMA, bottom: with 
SMA  
 
The action of the SMA was important: the “steady” signal was reduced to 1/3 of its value in the 
undamped case. This dynamic effect was highly significant. After the actuator was stopped, the 
oscillations with SMA were clearly reduced. The action of the portico created significant 
frequencies at 1.7 Hz and an additional harmonic at 2 Hz (and small signals at 3 and 4 Hz). The 
behavior of the beam frequencies showed that beats appeared without dampers. The action of the 
SMA reduced the oscillation amplitudes and reduced the frequency spectrum to that of the actuator 
signal (1 Hz) and the upper harmonic frequencies (2, 3, and 4 Hz). Similar results could be obtained 
by fabricating the dampers from NiTi wires. Figure 44 shows the experimental results for dampers 
that were each constructed of two trained 2.46-mm diameter NiTi wires, with similar lengths as the 
CuAlBe dampers. Computed results with ANSYS and the 9-element model indicated previously 
can be found, for different earthquakes, in fig. 12 to 16 of [19]. 
 
Figure 44. Oscillation amplitude in the portico beam (half load), without and with NiTi SMA A: 
oscillations induced without and with the SMA damper. B: frequencies determined by FFT.  
 
4.8 Part Four: Summary  
 
The experimental analysis of wires of CuAlBe polycrystalline material showed satisfactory 
behavior for damping civil structures. The preparation of the samples required an initial 
homogenization between 1073 and 1123 K over several minutes (i.e., 10 minutes or less), followed 
by quenching to room temperature. Subsequent aging at 373 K for two months conveniently 
reduced the spontaneous evolution of the transformation temperature. The fluctuations of the daily 
and annual temperature were negligible for dampers situated inside a house. The fracture analysis of 
up to 2000 working cycles for deformations up to 3 % was appropriate for oscillations induced by 
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earthquakes. Using SMA in a portico application produced satisfactory damping. The amplitude of 
the oscillations was reduced to between ½ and 1/3 of the undamped amplitude. Experimental 
measurements showed that NiTi was also suitable for damping. Similar experimental results were 
obtaining by using dampers constructed of two wires of CuAlBe or NiTi.  
 
Simulation by ANSYS produced a similar reduction in the amplitude of the oscillations (to between 
½ and 1/3 of the undamped amplitude). The SMA model that was used in simulation was either a 
cubic fit to the experimental data, along with the Clausius-Clapeyron coefficient, or a simplified 
phenomenological superposition of 8 bilinear elements. The use of FEA expands the available 
options for a satisfactory simulation with different accelerograms. That is, FEA enables computer 
experiments to be performed at an evidently low cost and includes the possibility of optimizing the 
damper position in the structure.  
 
 
PART FIVE 
 
In recent years, research on damping applications by SMA has attracted increasing interest. This 
part of the paper discusses a brief and partial synthesis of studies of other alloys, of single crystals 
or poly-crystals, which have potential damping applications. Single-crystal alloys, such as NiMnGa 
or NiFeGa, can undergo larger deformations (i.e., up to 15 % or more) induced by two-phase 
transformations, which translates to more efficient damping in each working cycle. The inter-
martensitic transformation is a relatively frequently encountered phenomenon in SMA studies. For 
classical Cu-based alloys, such as CuAlZn, the first transformation appears between the quenched 
austenitic structure (a high-temperature body centered cubic (or bcc) phase, which orders into a L21 
structure, and 18R, which is a slightly monoclinic structure with 18 basal planes in its conventional 
cell. If the sample is correctly oriented, a second transformation takes place, i.e., a tensile-stressed 
18R single crystal transforms into a fct structure, which is usually called 6R because of the number 
of basal planes in its conventional cell. CuAlBe single crystals have recently emerged as a 
potentially useful system that undergoes two-phase transformations, similar to CuZnAl, with 
interesting differences that are related to the mechanical properties of the phases involved and to the 
pertinent recoverable dynamic changes. Experiments performed more than 20 years ago showed 
dynamic changes in CuAlZn single crystals. These results were obtained by observing the 
displacements of single interfaces under varying temperature and/or stress actions [39]. At the end 
of this study, two research directions are briefly explored. The first research direction is a 
preliminary description of CuZnAl foams which are potentially useful in bearings for base isolated 
buildings. The second research direction summarizes the current knowledge on Fe-based alloys. 
These alloys are useful because of their welding capability and projected low price.  
 
5.1. Improvements in SMA for damping: inter-martensitic transformations  
 
Increased recoverable deformations can increase the hysteretic energy resulting in more efficient 
damping. Large deformations are advantageous for oscillation mitigation. At the same oscillation 
amplitude, using a SMA with two consecutive transformations requires smaller lengths of the SMA 
wires and produces more effective damping by increasing the hysteretic energy. The appearance of 
two phases has been a recurrent subject in the study of SMA single crystals. Fifty years ago, a 
second phase transformation was discovered in Cu-based alloys, increasing the complexity of SMA 
behavior. Studies in the literature have typically focused on SMA material properties without 
explicit investigation of practical damping requirements. Such analyses do not address the required 
fatigue-life, dynamic effects as describes the Section 5.3 and the ultimate parasitic effects of 
temperature oscillations from summer to winter.  
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Research studies have typically investigated only the progressive transformation from one form of 
martensite to another form in stress-induced transformations. A typical transformation path relates 
the parent (bcc) to martensite (i.e., 18R) and later to another form of martensite (i.e., fct). This 
transformation has also been observed in CuAlNi (see, for instance, page 34 in reference [1]). The 
“coexistence” of two different phases has been observed in poly-crystals and in temperature-
induced transformations [133]. These results apparently violate the thermodynamic phase rule, i.e., 
3 simultaneous solid phases co-exist for only one component. This apparent contradiction can be 
rationalized considering the distribution of internal stresses instead of considering the entire sample. 
Each constant-stress portion of the sample is considered to be a thermodynamic system, i.e., the 
parent and martensite1 or the parent and martensite2. Monoclinic martensite (18R) and hexagonal 
martensite (2H) “coexist” but are formed directly from the parent phase under different internal 
stresses.  
 
This particular transformation is observed in temperature cycling in temperature under no external 
stress (i.e., at constant external pressure). In cooling, “islands” of the non-transformed beta-phase 
appear between plates of 2H variants. With progressive cooling, a fine morphology has been 
observed in the islands, which has been associated with several variants of the 18R monoclinic 
martensite phase [39, 133]. Similar “coexistence” of two martensites has been observed in the 
stress-induced transformation of single crystals of CuAlNi. If pseudo-elastic cycles are performed at 
increasing test temperatures, the hysteresis decreases because of the formation of smaller amounts 
of 2H compared to the proportion of 18R. Pseudo-elastic cycling under tensile stress is unfavorable 
to the appearance of 2H martensite, instead favoring the austenite-18R transformation. This 
behavior is the macroscopic result of the “relative stability between martensitic structures and its 
evolution due to stress-strain cycling” as discussed in references [134-135]. The complexity 
associated with small changes is a classic phenomenon in martensitic transformations.  
 
The Cu-Al-Ni system has been deeply analyzed in the last decades and phase transformation 
diagrams have been presented for single crystals [1]. Depending on the alloy composition 18R or 
2H martensite will form and the 6R martensite is also obtained by tensile stressing an 18R single 
crystal if the required tensile axis is correctly selected. However, the brittleness of the system is a 
disadvantage if applications as those here discussed are considered. Due to this reason we will not 
further comment on this system in this work. 
 
A great increase in the available deformation was observed in CuAlZn, first in relation to the bcc-
18R transition and later for the 18R-6R transition in traction or the 18R-2H transition in 
compression. A study performed in the seventies [136-137] investigated the appearance of two 
consecutive transformations for CuAlZn. This interesting mechanical behavior has been observed in 
austenitic single crystals that transform to 18R. If the test is performed under tensile stress, the 
obtained 18R exhibits the 18-6R transition for tensile axes closer than 24 degrees to the [100] 
orientation, while the 2H phase is formed if the 18R single crystal is tensile-stressed at orientations 
of the tensile axis far from the [100] orientation without a stress plateau or compressed in a 
conveniently re-oriented direction [138-139]. The temperature dependence of the 18R-6R 
transformation is extremely weak. This property is particularly useful for applications that are 
subjected to ambient temperature changes.  
 
In recent years, the use of these consecutive transformations in new alloys (NiMnGa, NiFeGa) with 
higher hysteresis has become potentially useful for damping oscillations of structures. Further 
details can be found in references [140-142]. The study of classical and innovative alloys always 
requires an in-depth analysis of the basic properties of the SMA. The use of two consecutive phase 
transformations in oscillation mitigation is a subject that was mainly studied (in 2007-08) in single 
crystals of NiFeGa and NiMnGa by the Sehitoglu group in Urbana, USA. In particular, ref [140] 
reported that the number of working cycles to fracture exceeded 10000 for deformations of 10 % for 
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NiFeGa single crystals. Such results may have wider earthquake mitigation applications. Only cost 
presents an eventual obstacle for the practical application of these materials. Practical study requires 
that the dynamic effects not appear in the samples.  
 
5.1.1 Two consecutive phase transformations in CuAlZn  
 
Two consecutive transformations were observed in the seventies for Cu-Zn alloys [143-144]. This 
system exhibits a tensile stress-induced martensite-martensite transition, which is temperature-
independent, but composition-dependent. Experiments have shown that an appropriately oriented 
single crystal of martensite  transforms into an ordered structure similar to a fcc structure. However, 
the transformation temperatures for the austenite-martensite transition in the binary system were 
rather low for practical applications.  
 
Ternary Cu-based alloys exhibit more practical transformation temperatures. Barceló et al. [145-
146] studied the CuZnAl system and extended the previous results for the binary alloy. The Critical 
Resolved Shear Stress (CRSS) for the appearance of 6R martensite was found to be a function of 
the Al composition and the electronic concentration (e/a). The CRSS decreased for high amounts of 
Al at a constant e/a and increased at higher e/a and a constant Ms. A rather weak effect of the 
temperature on the stress that induces 6R has been detected. The weak temperature dependence of 
the 18R-6R transformation is particularly useful for applications that are subjected to daily and 
annual external temperature waves.  
 
The 18R-6R transition in a single crystal of a ternary CuZnAl alloy showed a larger stress width 
compared to the hysteresis for the austenite-18R transition. An example of this transition can be 
seen in [145]: a first well-defined plateau during the 18R-6R transition, at stress under 50 MPa, 
strain up to 4%, then a nearly linear increase of stress to 250 MPa at 6% strain, and a further plateau 
to 15% strain (at 250 MPa), on unloading a first retransforming plateau at 120 MPa from 13.5 to 
11.5% strain, then linear decrease of stress with decreasing strain to 40 MPa, 10% strain, and final 
decrease of stress with strain to nearly 0 stress at near 3% strain, showing a large deformation 
obtained during this transformation and larger hysteresis. An additional consideration is the effect 
of orientation and the stress mode on the plastic behavior of the 18R martensite. Orientations close 
to the <100> direction lead to the formation of the 6R phase if the stress is applied in a tensile 
mode. However, if the orientation of the tensile axis separates more than 24 degrees from the 
<100> direction, the plateau is non-existent and a rather brittle fracture occurs together with the 
formation of a hexagonal phase [147]. In compression, a single 18R structure is formed and further 
compression induces a plastic deformation [148]. This result precludes the use of this stress mode 
for applications requiring pseudo-elasticity.  
 
An interesting feature of the 18R-6R transition involves the permanent deformation that is usually 
observed after an austenite-18R-6R cycle. This retained deformation is indicative of plastic 
deformation, as discussed in [149]. The leading result is that a smaller tensile stress is required to 
plastically deform 6R than the stress required to induce 6R martensite. Thus, plastic deformation is 
simultaneous with the martensite-martensite transformation. A recent and interesting solution to this 
problem was reported in [150]. The authors showed that introducing nanoprecipitates increased the 
plastic yield stress of the 6R martensite, thereby separating 6R formation from its plastic 
deformation. Thus, complete recoverability was obtained. Interesting recent results have also shown 
a highly stable stress-strain behavior at frequencies of approximately 1 Hz [151]) up to 2000 cycles. 
These results are of potential interest for damping applications.  
 
5.2 Local structural change in CuAlBe induced by loading.  
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In the practical dampers studies, the experiments focused on the polycrystalline CuAlBe alloy 
without the appearance of two consecutive phases. The recoverable deformation was approximately 
3.1%, and the increased deformation induced progressive SMA creep and fracture in the sample (as 
described in section four). Analysis of the fundamental behavior was performed on single crystals. 
Three types of results were obtained: (1) the appearance of additional martensite at higher loads, (2) 
slight structural distortion of the stress induced 18R martensite (see Section 5.3) and (3) a faster 
cycling evolution associated with “dynamic stabilization”. This is an even stronger effect when 
compared with the quasi-static stabilization obtained from similar numbers of vacancies.  
 
Depending on the thermo-mechanical treatment, pseudo-elasticity in a polycrystalline material is 
imperfect because the strain is not completely recovered upon unloading. An increase in the applied 
load leads to progressive permanent deformation or “SMA creep." This cans the result of plastic 
deformation, the presence of retained martensite or both mechanisms acting simultaneously. This 
effect was observed and quantified in section three for NiTi and in Part Four for polycrystalline 
CuAlBe. Polycrystalline Cu-based alloys show strong effects from the interaction between the 
martensitic transformation and the grain boundaries. This interaction usually enhances micro-
plasticity, leading to higher amounts of retained martensite [20]. In Part Four, the experimental 
approach for polycrystalline CuAlBe exhibited SMA creep associated with progressive maximum 
strain.  
 
Single crystals of Cu-based alloys constitute an interesting material where the mutual interaction of 
martensitic stress induced transformations and diffusion related phenomena give rise to complex 
mechanical behavior for both static and dynamic conditions [152-153]. The stabilization of 
martensite, changes in vacancy concentration and the ordering or reordering of the parent phases 
have been reported as potential mechanisms [154-155]. Changes in the order of the parent phase 
affect the martensitic transformation temperatures [156]. Section 5.4 describes tracking the 
transformation temperature versus the time and the external temperature for polycrystalline and 
single crystal materials of several Cu-based alloys. The stabilization of martensite [157] modifies 
the critical stresses and the morphology of stress-strain curves. Different portions of a specimen 
undergo different degrees of stabilization associated with the time spent in the martensitic state, and 
the effect induces a triangular shape in the hysteresis curves of the CuZnAl and CuAlBe single 
crystals [152-153, 158]. Furthermore, the kinetics of the diffusive phenomena is controlled by the 
martensite stabilization and by changes in parent material recovery, such as pseudo-elastic cycling 
[152-153]. For the CuAlBe system, the pseudo-elastic fatigue of single crystals exhibits a non-
homogeneous decrease in the critical stresses and mechanical hysteresis during cycling [153, 159]. 
In the following section, a brief revision of the basic characteristics of the pseudoelastic behavior of 
CuAlBe single crystals is presented. Temperatures between 303 and 393 K were considered, as well 
as excursions down to 203 K. The Ms of the samples is near room temperature.  
 
One of the features of the CuAlBe alloy is the appearance of a second transition. The consecutive 
transformation of bcc to 18R martensite and then to 6R martensite produces a larger deformation 
and a more relevant hysteresis for use as a practical damper. However, a deeper understanding of 
the bcc to 18R martensite cycling phenomena is needed. Using several samples, a study was 
performed using electrical resistance to determine the transformation temperatures and stress-strain 
measurements in order to evaluate the mechanical behavior. Figure 45 A shows the stress-strain 
curves corresponding to a complete  phase to 18R martensite transformation and partial 18R 
martensite to 6R martensite transition obtained at 303 K and 393 K, respectively. These 
temperatures correspond to a temperature difference T-Ms = 7 K and 97 K, respectively. From these 
measurements, the critical transformation stresses for both transformations are well defined. 
Moreover, a slight departure from linearity is observed for the obtained curve at 303 K for 
intermediate stresses, following the phase to 18R martensite transition. The - curves in figure 
45 A shows a different hysteresis associated with the phase to 18R martensite transition for both 
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the selected temperatures. This suggests that 393 K is the maximum temperature that can be 
considered to avoid any overlapping between the stresses induced from the phase to 18R 
martensite and 18R martensite to 6R martensite transitions.  
 
Figure 45 B outlines the stress-strain (-) curves for several temperatures between 303 and 393 K. 
For each cycle, the maximum stress is larger than the stress required to complete the transformation 
to 18R martensite but is slightly lower than that required to induce the creation of 6R martensite. 
The maximum deformation towards the end of the 18R transformation shows little evolution 
between 125 and 175 MPa stress levels. The observed change in the -18R deformation of the 
pseudoelastic stage with temperature is rather unusual because it should depend only on the 
composition and the orientation of the tensile axis of the sample, both of which are not affected by 
temperature. However, a similar strain has been reported for 2H martensite in Cu-Zn-Al alloys 
subjected to applied stress [160]. The justification information obtained from 2H martensite can be 
used for 18R martensite is that although both structures differ in their stacking sequence, the basal 
plane is the same. The possible explanation for the distortion is a change in the cell parameters of 
the basal plane from a similar variation in parameters that takes place in both structures. In Cu-Zn-
Al alloys, a strain of 0.8 % for the 2H martensite was attributed to changes in the lattice parameters 
due to a possible second order phase transition [160]. 
 
From a series of tensile tests at several test temperature, the Clausius-Clapeyron coefficient from 
the parent to 18R martensite is 1.92 and 1.84 MPa/K from 300 K to 400 K, respectively. Detailed 
analysis of this structural evolution indicates the appearance of a structural distortion with slight 
temperature dependence, such as 0.42 MPa/K. The associated entropy change of the structural 
distortion was 2% of the complete transformation:  
 
S18R-18R’ ≈ 0.02 S-18R   (17) 
 
This small entropy change explains the departure from linearity for the Clausius-Clapeyron 
coefficient (d-18R/dT) as a function of temperature [161]. The 18R martensitic transition shows 
negligible hysteresis within the experimental resolution, which is different from most reported 
martensitic transitions in Cu-based systems. 
 
Reference [161] includes a detailed analysis of these phenomena. Moreover, the mechanical 
hysteresis corresponding to the phase to 18R martensite transformation increases with the test 
temperature as the overlap between the phase to 18R martensite transformation and the structure 
distortion of the 18R phase increases. The hysteresis width increases from 5 to 13 MPa when the 
temperature rises from 300 to 390 K. The fit of the hysteresis width versus the temperature was 
parabolic and in agreement with the appearance of the structural distortion.  
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Figure 45. CuAlBe single crystal. A: Sample A2 at 303 and 393 K. - curves corresponding to a 
complete -18R transformation followed by a partial 18R-6R transition. Crosshead speed: 0.1 
mm/min (strain rate: 5 * 10
-5
 s
-1
). B: Stress- strain curves at several test temperatures for sample 
A3. Strain rate: 4 * 10
-5
 s
-1
. The maximal tensile stress for each one approaches 200 MPa that 
overcomes the required stress for one complete -18R transition.  
 
5.3. Dynamic and recoverable stabilization of CuAlBe 
 
Pseudoelastic cycling of CuAlBe single crystals causes a strong mechanical evolution after a few 
hundred cycles [152, 159]. Figure 46 shows the main features that characterize pseudoelastic 
cycling in the samples; several - curves obtained from sample “cabsc1m4” at 353 K with a 
crosshead speed of 0.1 mm/min are shown [159]. An obtained reference cycle was found to deform 
the sample up to 10.5% for a crosshead speed of 0.1 mm/min; pseudoelastic cycling was then 
performed at 10 mm/min until a deformation of 8.3% was reached.  
 
Figure 46. The - curves obtained for sample cabsc1m4 at T = 353 K. Cycles 1 and 777, previous 
and after rapid cycling respectively. Crosshead speed 0.1 mm/min,  in the x axis obtained from the 
crosshead speed. Cycles 2 to 776 (not shown in fig) performed at 10 mm/min. Cycle 781 obtained 
after partial recovery of the  phase during 2 days. The big arrow visualizes the dynamic cycling 
effect.   
 
After the rapid cycling, slow cycling was performed to check the recovery of the sample. As part of 
the sample did not transform during the rapid cycling, this part of the stress-strain curve provides 
the reference behavior. The main changes that take place in the stress-strain curves are the 
following: 
a) The critical stress levels needed to transform and re-transform decreased as the number of 
cycles increased. These decreases differ for different amounts of deformation, are larger for 
parts of the samples that transform at an earlier stage and are negligible for the last part of 
the sample to transform. The consequence of this behavior is a strong increase in the slope 
during the transition stage, which changes with the number of cycles, N.  
b) A decrease in the hysteresis to half of the original value after 777 cycles was observed. If the 
Clausius-Clapeyron relationship at the test temperature of 353 K is considered, the 
hysteresis corresponds to 5.3 K for cycle 1 and decreases to 2.8 K after 777 cycles.  
c) After stopping the pseudoelastic cycling, the critical stresses start to increase in the direction 
of the values present before the cycling.  
d) A decrease in the critical stresses needed to transform any remaining austenite is also 
obtained.  
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e) The permanent deformation increased with the number of cycles, and a partial recovery is 
also observed after rapid cycling is stopped.  
 
A more detailed example concerning the evolution of the cycling and recovery of the  phase [159] 
obtained for sample “cab2m1” is presented in figure 47 A. The test temperature in this case was 353 
K, and the crosshead speed during cycling was 10 mm/min. After 1000 rapid cycles were performed 
at this temperature, cycling at a new crosshead speed of 0.1 mm/min showed a strong decrease in 
the critical stress required to transform. The critical transformation stress -18R decreased from 120 
MPa to approximately 60 MPa for 1% deformation, which is equivalent to a 30 K increase in the 
Ms temperature. This amount of dynamic stabilization of the martensite is at least one order of 
magnitude larger than the static stabilization obtained at the same temperature and was obtained in 
shorted time intervals. Rapid cycling leads to an asymptotic behavior. An example is observed in 
figure 47 B performed at 353 K. See, below, the particular effects of the lower temperature (333 K) 
on the dynamic actions.  
 
Figure 47. A: - curves corresponding to N= 8 and 1009, before and after rapid cycling. 
Crosshead speed 0.1 mm/min.  in x axis obtained from extensometer. 1000 cycles in between at 
10 mm/min. Dynamic stabilization = 59 MPa (29.5 K) Hysteresis of cycles 8 and 1009 equal to 
11.8 MPa and 5.39 respectively. B: Rapid cycles obtained for sample cabsc2m1 at 353 K. 
Crosshead speed 10 mm/min. Cycles 10, 210, 410, 810 and 1008 are plotted. An asymptotic 
behavior is approached as shows the big arrow. 
 
The evolution of the critical stresses after the rapid cycling has stopped is shown in figure 48 as a 
function of time. The behavior can be fitted to an exponential growth curve with a time constant 
larger than the one obtained for the martensite dynamic stabilization (time constants of 780 min and 
150 min, respectively). The strong difference in time constants can be explained considering that 
the recovery of the austenitic structure takes place under quasi-static conditions, while the time 
constant which describes the martensitic stabilization corresponds to an enhanced dynamic effect. 
[152, 159].  
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Figure 48. Applied stresses to transform measured as a function of time. Start point corresponds to 
the end of 1000 rapid cycles. Exponential decay fit is shown together with the obtained constant 
time. Stresses obtained at aprox. 2% in the pseudoelastic transition stage from cycles performed 
at a crosshead speed = 0.1 mm/min. 
 
Two additional experiments were performed for strong stabilizations, and the results are shown in 
figure 49. Figure 49 A shows the results obtained from 3000 cycles performed at a test temperature 
of 333 K for a crosshead speed of 20 mm/min (frequency = 0.11 Hz) and for deformations of up to 
5%. Most of the cycled portion of the sample stabilizes during cycling. A similar experiment was 
shown in figure 49 B, where pseudoelastic cycling strongly stabilizes part of the sample after 1303 
cycles, and a strong recovery was observed after holding the sample at the same temperature in the 
parent phase. Rapid cycles are plotted as dashed lines, and slow cycles (0.1 mm/min, i.e., 2.8*10
-4
 
Hz) are plotted as solid lines.  
 
 
 
Figure 49. Dynamic stabilization and recovery. A: Cycle 1 and the first cycle after 3000 rapid 
cycles are shown in solid lines (crosshead speed 0.1 mm/min). Cycles 100 and 1000 performed at 
20 mm/min are plotted in dots and in dash line respectively. Test temperature is 333 K. The arrow 
shows the evolution associate to cycling process (1 to 3001). a: dynamic stabilized martensite. B: 
Slow cycles obtained at crosshead speed 0.1 mm/min: N=1 and one “recovered” cycle obtained 
1672 minutes after 1303 rapid cycles. Two rapid cycles are shown (N= 504 and 1303) at crosshead 
speed 10 mm/min). The arrow shows the evolution associate to “fast” cycles and to recovery 
related with one stop close to 28 h.  
 
The main results from the pseudo-elastic cycling experiments are that the inhomogeneous dynamic 
stabilization of martensite was followed by recovery when the cycling is stopped. Both of these 
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facts indicate that diffusion plays a significant role. This behavior was similar to that reported for 
CuZnAl single crystals tested at temperatures greater than room temperature and for CuAlBe single 
crystals [152-153]. This behavior is explained considering the stabilization of the stress induced 
martensite and the recovery of the beta phase once the re-transformation takes place. As the time 
interval that each portion of the sample remains as beta phase martensite is different, the decrease in 
the critical stresses will also be different, causing a slope in the -curve at the transformation 
stage. These concepts allow modeling of pseudoelastic cycling for both systems [152-153]. 
 
Similarly, an overlapping of two diffusive mechanisms was sufficient to explain the change in slope 
in the stress strain curves for CuZnAl single crystals. One noticeable point concerning CuAlBe 
single crystal behavior is that the stabilization under static conditions with an equilibrium 
concentration of vacancies is not a significant factor, which causes difficulties in properly 
measuring the kinetics under static conditions for temperatures lower than 373 K. However, 
stabilization in these alloys can be obtained if the concentrations of vacancies are large enough, 
such as after quenching. Moreover, quenching through Ms has led to a so-called hyperstabilization 
effect, which increases Ms considerably more than the normal stabilization phenomenon [158, 162-
167]. Different mechanisms have been proposed to be responsible for the stabilization in CuAlBe 
alloys; however, none have been able to explain all of the reported results.   
 
The experiments presented so far do not allow to precisely assessing the physical mechanism 
behind the dynamic stabilization. Moreover considering that the initial amount of vacancies should 
be close to the equilibrium concentration, differing from the start conditions usually used to explore 
the behavior associated to the stabilization of martensite in these alloys. This point will not be 
further analyzed here and in fact it is still unknown which structure should be the final one after the 
stabilization of the martensite [168]. A last point we would like to emphasize is the noticeable 
difference in the kinetics constants if static and dynamic stabilization are compared. Tidu et al. 
[168] explain the strong stabilization as a consequence of the structural change of martensite which 
is not complete in each cycle and an inherited disorder in the β phase. However it is still an open 
question why this does not occur under static conditions. Two options have been considered here: 
the creation of vacancies during cycling and the movement of vacancies due to the interface 
movement [169]. A related discussion on a similar phenomena observed in CuZnAl was presented 
in [170]. 
 
The experimental results suggest that for damping the decay of critical stresses cannot be 
considered completely appropriate. This fact reduces progressively the hysteretic energy. Moreover, 
the partial stabilization and, later, the slow recovery (temperature dependent) inhibit the use of the 
alloy. In fact, when the initial part of the transformation remains directly in martensite the damper 
cannot smooth the reduced oscillations. This particular situation that requires more analysis at faster 
cycling frequencies close to actual ones in damping of civil engineering (i.e., from 0.25 to 10 Hz) 
suggest that the dynamics effects on the CuAlBe single crystal do not favors their use, at least if 
only the austenite-18R cycle is considered.   
 
5.4 Ms tracking of external temperature by Cu-based alloys 
 
Parts Three and Four indicate that the used SMA shows some aging effects at moderate 
temperatures. This has been attributed to diffusion processes in the materials. In CuAlBe, aging 
induces a recoverable tracking effect, but only non-recoverable monotonic actions are observed for 
NiTi. Actually, the alloys are obtained by specific thermo-mechanical treatments and the 
martensitic transformations are performed between meta-stable phases.  
 
The results from the measurements of the electrical resistance of the hysteresis curve in Cu-based 
alloys are presented in table 5. Some results obtained for CuAlZn single crystals are found in 
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reference [39]. In this case, the Ms increased after quenching. It was possible to make a prediction 
of the Ms against the time and the temperature (“room or surroundings temperature”) from the 
evaluated time constants versus temperature (equation 18) and the solution of the differential 
equation associated with the hidden order temperature (Ti(t)) by equation 19:  
 
i = exp(Ai +Bi /T)  (i =1, 2, …)                   (18) 
 
( ) ( ) ( )
( )
i i RT
RTI
t t t
dt
dT T T
T

                                       (19) 
 
By integrating Ti(t), it is possible to evaluate Ms using equation 20 and reference values (Tref and 
the Ms(T=Tref):  
 
Ms(t)=Ms(T=Tref)+∑ai(Ti(t)−Tref)                                               (20) 
 
Figure 50 shows an example of the excellent agreement between the experimental and the 
calculated evolution for Ms in the CuAlZn single crystal [39, 171-172].  
 
 
 
Figure 50. More than two years of Ms measurements for the Ms tracking in CuAlZn single crystal. 
A: “room” temperature against time with the cooling-heating cycles for Ms measurements. B: 
experimental measurements (dots) and simulated value using the equations 18, 19 and 20. 
 
Figure 51 shows the recoverable evolution of a CuAlBe single crystal sample. After one 
homogenization at 1123 K for 300 s, the sample was quenched in water at 373 K. Later, the Ms was 
evaluated using a cooling-heating process lasting approximately 2.5 h. The sample always remained 
at one of the specified temperatures shown in figure 52 (either 348, 353, 373 or 378 K). The 
evolution of Ms permit a rough approach to be performed for determining the time constant and the 
activation energy (see table 6).  
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Figure 51. Recoverable actions in Cu-based SMA. “Room” temperature (up-line) and time effects 
on Ms values (dots) for a single crystal of CuAlBe. 
 
Additionally, a single crystal of Cu-10.3 wt%, Al-4.3 wt%, Ni, with an initial transformation 
temperature of 238.2 K was studied. The alloy was homogenized at 1173 K for 300 s, before being 
quenched in room temperature water at and stored at room temperature (approximately 293 K) for 
nine years prior to taking the measurements. Figure 52 shows the Ms transformation temperatures 
versus time for a CuAlNi sample stored at 368 and 388 K. The small electrical resistance 
(approximately 20 mOhm) and the jerky transformation (parent to  or hexagonal phase) produced 
more dispersion in the results than for the previously analyzed cases or thermo-elastic. The 
available results (including the scatter) are found in table 6. After quenching, the Ms increased, as 
was observed for the CuAlZn. However, a slow change in the transformation temperature with time 
was detected, and the amplitude of the change appears to be lower than for CuZnAl and the 
evolution time constant appears to range for months for the studied temperatures. 
 
Figure 52. Measured transformation temperature (open dots) for the CuAlNi sample kept at the 
indicated temperatures. The lines are only visual guides. 
 
 
Table 6. Cu-based alloys. Calculated values of time constants (1 and 2) and activation energies.  
 
CuZnAl 
(single 
cristal) [39, 
 and 1 
 
 and 2 
 
activation 
energy 
 
activation 
energy 
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153, 154] 
 
373 K and 0.39 h 
 
373 K and 13.1 h 
 
13630 K 
 
10330 K 
 
CuAlBe 
poly-crystal 
[see, Part 
Four] 
 
373 K and 1.73 d 
 
- - - 
 
5740 K 
 
CuAlBe 
single-crystal 
 
373 K and 0.62 d 
 
- - - 
 
12*10
3
 K 
 
- - - 
CuAlNi 
single-crystal 
 
388 K and 20 d 
(*) 
 
- - - 
 
1.4*10
4
 K (*) 
 
- - - 
(*) larger uncertainty 
 
5.5 Eventual substitution of steel-rubber bearings with CuAlZn SMA foams. 
 
The classic damping devices for base isolated buildings are bearings built with a series of steel and 
rubber discs. Usually the bearing, in the vertical axis, includes a cylindrical lead core that increases 
the hysteresis energy. The bearing works under the permanent load induced by the weight of the 
structure. The oscillations produced by the floor movement induced during an earthquake include 
both vertical and horizontal oscillations. The damping effect on the bearing was mostly associated 
with the shear oscillations caused by horizontal oscillations of the floor. In particular, the bearings 
smoothes the horizontal oscillations, but any recovery or re-centering actions are clearly limited or 
negligible. One possibility is to use SMA as a substitute material, including SMA foams to take 
advantage of the positive re-centering effects.  
 
SMA CuZnAl foams with an Ms temperature below room temperature (Ms = 10°C) were 
synthesized [173-174] using the method described in reference [175]. Small millimeter-sized silica 
spheres were immersed in a molten alloy. Afterwards, the material cooled down and solidified when 
removed from the furnace. The foam is an open-cell structure, and the Cu-Zn-Al is a polycrystal.  
 
The foams were tested in compression using an INSTRON 1123 mechanical testing machine, 
whereas other samples were tested using an MTS 810 servo-hydraulic machine for several different 
deformation ranges. The foams exhibited good pseudo-elastic behavior, as shown in figure 53 for 
more than 1000 working cycles. For the number of working cycles examined (1000) the increased 
permanent deformation (SMA creep) was not relevant. The foams were studied for different 
frequency conditions up tom 10 Hz. The material presents several advantages if we think of 
possible applications. The synthesis is direct. The starting material is cheaper than the most 
important possible competitor alloys. The CuZnAl foams do not need any training after preparation. 
The mentioned material would constitute a good possible candidate for damping applications 
substituting the rubber in bearings. In the actual “state of the art”, the full reliability and the shear 
response requires further study.  
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Figure 53. CuZnAl foam that shows a reduced degradation with working cycles. 1000 cycles of 
compressive stress strain representation. Representation of the cycles 100, 200, 300, …1000.  
 
5.6. Expected improvements in SMA for damping: Use of the Fe-based alloys.  
 
The possibility of using shape memory steels as damping materials has been the object of several 
studies. Most of these studies have focused on the damping properties of Fe-Mn-based shape 
memory alloys (SMAs). These alloys exhibit good overall material properties such as high ductility 
and workability, high strength and moderate to high corrosion resistance. Fe-Mn-based alloys are 
weldable using standard methods, and their cost is relatively low when compared to NiTi alloys 
[176-177]. The austenite phase of the Fe-Mn-based SMAs is fcc (). Alloys containing less than 14 
wt.% Mn transform to bcc martensite (’) upon cooling, whereas for alloys with Mn contents in 
excess of 14 wt.%, hcp martensite () is formed. Alloys with superior shape memory properties 
belong to the group containing more than 14 wt.% Mn [176].  
 
Sato et al. identified the damping potential of these alloys based on the results of internal friction 
experiments on Fe-Mn-Si-Cr alloys [178]. From this, binary Fe-Mn alloys were found to have high 
damping properties on small amplitude vibrations. Lee et al. performed a long-term systematic 
effort in this field and identified the Fe-17 wt.% Mn alloy as the one with the best damping 
properties [179-181]. Additionally, a specific damping capacity (SDC) 
2
 of approximately 30% was 
measured for this material, and the SDC was found to be independent of the temperature and the 
vibration frequency between 0°C to 60°C and 10 Hz to 10
4
 Hz, respectively [180]. The authors 
attribute the main damping effect to the movement of the / interfaces and the movement of partial 
dislocations at the ends of stacking faults. Other authors have studied the effects of alloy additions 
and pre-deformation on the damping properties. Jee et al. [182] reported on the effect that cold 
rolling had on the damping properties of a ternary Fe-Mn-Si alloy. It was found that while cold 
rolling increased the damping capacity, it also produced significant anisotropy [182]. Jun et al. 
studied Fe-Mn-Co alloys and reported that the addition of Co was beneficial to the SDC [183]. 
However, the effects of carbon and nitrogen additions were found to be disadvantageous for the 
SDC [184-185]. In general, all of the studies agree that partial dislocations movements (either at the 
ends of stacking faults or at / boundaries) are the main source of damping for small amplitude 
vibrations [179-180, 183, 186]. 
 
Despite their documented ability to mitigate small amplitude vibrations, Fe-Mn-based SMAs are 
considered unsuitable for seismic protection due to their poor pseudoelastic recovery properties, 
specifically caused by the / martensitic transformation in these materials being predominantly 
                                               
2 SDC defined by 100 Whysteresis/Wtransformation.  
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non-thermoelastic. Early studies have shown very restricted pseudoelastic behavior [187-189], 
usually related to low shape recovery properties. However, recent developments on these alloys 
related to the introduction of NbC precipitates [190-191] and pre-deformation at intermediate 
temperatures [174 192] resulted in materials with excellent shape memory properties and extended 
pseudoelastic ranges [193-195]. In particular, Sawaguchi et al. showed that a Fe-Mn-Si-Cr alloy 
containing a small amount of tiny NbC precipitates could be deformed by cycling between tension 
and compression [196], reaching a SDC of 80% for cycles with 1% deformation amplitude. 
Although further work in this area is necessary, this result opens possibilities for the application of 
these materials as elements in absorbing structures or in composite materials [197-198]. Recently, 
new Fe-based materials with extraordinary pseudoelastic properties have been presented [199-200]. 
In one case, the material is a complex and textured Fe-28Ni-17Co-11.5Al-2.5Ta alloy containing 
ordered Ni-Al bcc precipitates. The samples exhibit a 13.5% of pseudo-elastic recoverable strain 
over a huge stress-strain hysteresis loop [199]. The other case is for alloy Fe-34Mn-15Al-7.5Ni 
(wt.%). This alloy has the pseudoelastic behavior nearly temperature independent between 223 K 
and 423 K [200]. The applicability of these materials in real-world devices will be determined by 
the ability to produce them at an industrial scale, which is not clear at this moment. Furthermore, an 
appropriate study to determine the damping characteristics, such as the number of available working 
cycles, is necessary. For the present “state of the art” [201] it appears that the Fe-based alloys are 
close to application and eventual use in dampers. 
 
5.7 Part Five: Summary  
 
This section is devoted to new improvements in SMA: The two-phase transformations, to particular 
static and dynamic properties of CuAlBe single crystal and to improved SMA dampers. The inter 
martensitic transformations was first discovered in single crystals of CuZn in the 1970s. Biphasic 
transformations offer interesting deformation ranges and larger hysteresis appropriate for damping. 
Recently, the Sehitoglu group established the potential use of single crystals of NiMnGa and 
NiFeGa as dampers.  
 
Studies of the polycrystalline CuAlBe alloy suggests potential success in applications such as 
dampers in structures for smoothing the oscillations induced by earthquakes. The alloy requires 
homogenization, quenching and aging to adequately stabilize the transformation temperature. 
Comparative analyses between single-crystals and polycrystalline CuAlBe showed faster tracking 
of the external temperatures by the single crystals. A partial study of other Cu-based alloys is 
included in this section (CuAlNi).  
 
The extended analysis of the CuAlBe single crystal establishes the particular appearance of a 
second martensite (6R) and the emergence of an intermediate transition between martensite (18R) 
and martensite (6R), a “three-phase” behavior. A detailed study of the single crystals establishes the 
dynamic stabilization phenomena, a recoverable phenomenon that is clearly coupled to the external 
temperature.  
 
The use of steel-rubber bearings for base isolated buildings requires a periodic change of the rubber, 
on the order of every 15 years. A compressive study of the CuAlZn foam offers one eventual 
solution. In addition, another solution may be found in Fe-based alloys, and the “state of the art” is 
described here. Recently, Fe-based alloys have received significant interest and seem to be one 
possible solution for low priced dampers in structures. The applicability of these materials was 
determined through the possibility of producing them at industrial scales and through building 
damping requirements.  
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6. Conclusions and remarks  
 
The paper was devoted to the applications of Shape Memory Alloys in civil engineering, 
particularly NiTi and CuAlBe SMA alloys that permit appropriate efficiency in damping 
oscillations induced in structures. The first study focused on the oscillations induced in fixed cables 
by wind, rain or traffic. For this case, NiTi (2.46 mm diameter) avoids faster oxidation from rain or 
wetting and requires less preparation, such as 100 relatively slow cycles at 0.01 Hz. After the 
mechanical treatment, the alloy shows S-shaped hysteresis behavior that permits reasonable 
working in different temperatures, such as seasonal changes. For the damping of oscillations 
induced by earthquakes, the use of CuAlBe is an interesting possibility. In this case, the dampers 
were situated inside of a house and the wetting effects were irrelevant. Appropriate homogenization 
heat treatment for 2-10 min at 1093-1123 K, followed by quenching to room temperature and 
subsequent aging for one or two months at 373 K yields an alloy with constant properties for 
deformations up to 3.1%. Below, we outline of the principal conclusions and remarks for each 
section of the paper.   
 
6.1. Modeling of the SMA behavior (the Part Two) 
 
1) Recently, several groups working with SMA models have focused their attention on algorithms 
for FEA methods, such as models to simulate the SMA behavior and their insertion in device 
applications.  
 
2) In general, the basic models use a large amount of parameters and the simulation of complex 
paths on the hysteretic behavior is difficult. The effect of temperature and stress aging was not 
considered by these studies.  
 
3) To some phenomenological extent, bilinear or cubic models that include the Clausius-Clapeyron 
coefficient with rules to estimate internal loops permit an ease in the approach to applications. Most 
of the simulations consider completely invariant SMA behavior. Furthermore, this 
phenomenological approach implicitly considers that the previous experimental studies guarantee 
the invariance. 
 
6.2. Remarks on the experimental results and the simulations for damping of the stayed cables 
(the Part Three).  
 
1) The use of NiTi SMA requires a detailed knowledge of the behavior according to the 
requirements of the application. In particular, for damping stayed bridge cables, fatigue life is a 
major concern. The fracture life was determined to be four millions cycles for deformations near or 
less than 1%. 
 
2) Cycling induces SMA creep, which, for 2.46 mm diameter wires, is 2.5%. The pauses between 
sets of cycles induce parasitic effects associated with minor recoverable creep. The associated 
energy effects are irrelevant for the standard number of working cycles. Previous pre-conditioning 
of the SMA wires, such as 100 cycles with a deformation of 8% at 0.01 Hz was necessary to 
achieve “reproducible” behavior.  
 
3) The temperature effects induced by the cycling frequency were critical to determining the 
hysteresis width. Moreover, the fan used for the laboratory work or the wind in the external 
surroundings modifies the hysteresis width. The fan effect on cycling is reduced for cycled samples. 
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In actual working conditions, some wind and/or moisture is always expected and the effect of a fan 
in the “off” state was irrelevant.  
 
4) The temperature analysis establishes that the partial or reduced transformations are fully 
distributed in the entire sample. This distributed effect can be considered the origin of the larger 
fracture for low deformations and loading.  
 
5) The aging at permanent higher strain modifies the state of the samples to have an increased 
strength (up to 50%) and a steeper hysteresis. The practical effects of small amount of pre-strain in 
a damper do not modify the expected behavior of the damper. The stress-temperature aged samples 
furnish a new application via the increase the temperature span available (130-140 K) in 
comparison with the S-shaped cycles (90 K).  
 
6) The use of pre-conditioned wires allows the successful use of SMA dampers under the cooling 
and heating associated with yearly temperature changes (seasonal effects). The maximum 
temperature range studied was approximately 80 K (between 253 and 333 K).  
 
7) The evolution of the dissipated energy versus the strain for deformations less than 2.5% suggests 
a satisfactory representation using a quadratic fit. Moreover, the measurements establish a linear 
reduction of the energy versus the frequency.  
 
8) The used SMA dampers reduce the amplitude of oscillations more than 50%. The effects of the 
SMA and the wax in the ELSA cable are similar to the SMA actions. Moreover, the SMA shows 
excellent damping behavior in the IFSTTAR cable.  
 
9) The oscillations in the IFSTTAR cable were produced by Heaviside decay. The simulation 
visualized the limitations of the classical bilinear representation of the hysteretic behavior and 
suggested a more accurate model. The third degree (or cubic) model used two separate polynomial 
fits. One was used for the transformation and the other for the retransformation. The partial cycles 
and the internal loops were determined via qualitative rules from the cubic fits.  
 
10) The simulation of the cables using the cubic model agreed with the experimental results, 
suggesting that the algorithms can be included as a part of the programs built for new bridges.  
 
11) The time-frequency analysis shows a minor evolution of the amplitude with the cable 
oscillations. Their evolution was associated with the behavior of the SMA. The mean stiffness of 
the SMA decreases with a progressive transformation. This minor effect associated with the 
constant cable stiffness increases the frequency with the oscillation amplitude.  
 
12) The length and the number of wires of an effective damper were established from the results 
established in the ELSA cable. The expected length of SMA wires and the cross section (or number 
of equal wires) is outlined.  
 
6.3. Remarks on the experimental results and the simulations for damping oscillations 
induced by earthquakes (the Part Four).  
 
1) Using a CuAlBe damper for smoothing oscillations induced by earthquakes is an interesting 
possibility. The alloy requires more preconditioning that the NiTi. The dampers were situated inside 
of a house, so wetting effects were irrelevant and the daily and seasonal temperature changes were 
minimized. Appropriate heat treatment by quenching in room temperature water after 2-10 minutes 
at 1093-1123 K and subsequent aging for one or two months at 373 K yields an alloy with constant 
properties for deformations up to 3.1%.  
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 2) The study of CuAlBe shows a minor and slow evolution dependent of time and temperature that 
tracks the room temperature. The evolution of Ms can be modeled by similarity rules that are 
established for other Cu-based alloys, such as CuAlZn. 
3) The results obtained in the application of the SMA to a realistic house are as expected. The SMA 
damper reduces the oscillation amplitude to 50 or to 33%. The energy, associated with the square of 
the oscillation amplitude, was reduced by 75% or by 90%, respectively.  
 
4) Simulations using the cubic model for the SMA show behavior similar to the experimental 
measurements.  
 
6.4. Remarks on the static and dynamic effects in CuAlBe single crystals, to CuZnAl foams 
and to Fe-based alloys (the Part Five). 
 
1) Careful analysis of the tension-deformation study in CuAlBe single-crystals establishes the 
appearance of a minor phase transformation (named 18R’) between the parent-18R and the 18R-
6R. The observations show a reduced entropy change.  
 
2) Relatively fast cycles of the partial transformation at 353 K show a dynamical evolution of the 
transformation stress in the cycled zone, called a dynamic stabilization. The evolution was 
asymptotical for each temperature. After a period without stress, recovery began. The evolution can 
be considered an “activated process” with a time constant of 780 minutes (13 h). Working at 323 K, 
the effect was increased and part of the transformed zone remains as dynamically stabilized 
martensite. However, after a sufficient time interval without stress the material recovers to the 
parent phase. The process was controlled by a time constant of one day. The cycling evolution 
suggests that the CuAlBe single crystals were not appropriate for damping. The analysis suggests 
that any single crystal need to be carefully studied to ensure that not shows the dynamic 
stabilization.  
 
3) The CuAlZn foam is one tentative improvement to dampers composed of classic steel-rubber-
lead bearings. The experimental preparation furnished satisfactory alloys. In the actual “state of the 
art”, the compressive experimental behavior was satisfactory with no relevant stabilization.  
 
4) The research into the preparation of Fe-based alloys to determine their workability and soldering 
difficultly is in progress. An interesting evolution in the practical approach was discovered by the 
Kajiwara group in 2005. In the last four or five years, positive steps have been taken and the 
approach to commercialize wires, bars and slabs is expected in the next two to four years.   
 
 
This work is a consequence of a series of articles published by V Torra and coworkers in Journal of 
Thermal Analysis and Calorimetry (Metastable effects on martensitic transformation in SMA, parts 
I- IX) the last years. We are grateful to the editors of the Journal for the possibility to synthetize this 
lifetime work. 
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Table  1. NiTi wires of 2.46 mm diameter alloy data from the furnisher certificates. In 
all cases, other impurities were: H<0.005%, Fe<0.05% weight, each of the groups: (Si, 
Cr, Co, Mo, W, V, Nb, Al, Ba); (Zr, P, Cu, Hf, Ag, Pb, Bi, Ca); and (Mg, Sn, Cd, Zn, 
Sb, Sr, Na, As, Be), where in amounts of less than 0.01% weight. According to the 
certificates, Ti was to balance the composition. 
 
Date Ni 
 % weight 
C 
ppm weight 
O 
ppm weight 
As 
(fully annealed) 
March, 2007 55.99 379 246 247 
April, 2005 56.00 380 167 246 
 
 
Table 1
Table 2. Data for the cubic fits.  
 
Point M0 Me L1 L2 U1 U2 
 (m/m) 0 0.0636 0.0166 0.043 0.0112 0.045 
 (MPa) 0 531 252 350 52 200 
 
 
Table 2
Table 3. Dampers in ELSA, IFSTTAR, and Pavia. 
 
facility. L 
m 
SMA 
(wires) 
length() 
mm 
NiTi 
SMA  
 in mm 
(cable)
in MPa 
traction 
force 
fSMA
near 
cable 
diameter 
x 
mm 
f 
Hz 
ELSA 45 1 4140(*) 2.46 283 250 kN 1.5 kN 4*15 mm 60 2 
IFSTTAR 50 2 1260(
X
) 2.46 390 1000 kN 3 kN 57 mm 50 3 
Pavia 2.36 1 1229(**) 0.1 43 133.8 N 2 N 2 mm 40 5 
 
 (*) appropriate length with larger fracture life.  
(
X
) shorter length inducing reduced fracture life.  
(**) fracture life that requires deeper study  
 
 
Table 3
Table 4. Diffusion phenomena and asymptotic temperature effects on Ms for the 
CuAlBe alloy. 
 
Parameters Alloy: CuAlBe [9] 
1 from measures 1.95 days at 373 K 
1 from measures 4.63 days at 353 K 
1 extrapolated  116 days at 293 K 
Activation Energy 5740 K 
100Ms/TRT 13.5 
 
 
Table 4
Table 5. Sets of modules (with their code) for the cycling procedures used in the 
systematic analysis of SMA creep and fatigue. (f = 0.79% in strain). The M1 was used 
to check mechanical setup of grips in the machine testing.  
 
Code Amplitude (mm) Strain (%) Freq. (Hz) Cycles on the 
samples (N) 
M1 1*f 0.79 0.50 Usually 4 or 5 
M2 1.5*f 1.18 0.50 100 
M3 2*f 1.57 0.50 100 
M4 3*f 2.36 0.50 100 
M5 4*f 3.14 0.25 50 
M6 5*f 3.93 0.25 50 
M7 6*f 4.71 0.25 50 
M8 7*f 5.50 0.25 50 
 
 
Table 5
Table 6. Cu-based alloys. Calculated values of time constants (1 and 2) and activation 
energies.  
 
CuZnAl 
(single 
cristal) [39, 
153, 154] 
 
 and 1 
 
373 K and 
0.39 h 
 
 and 2 
 
373 K and 13.1 
h 
 
activation 
energy 
 
13630 K 
 
activation 
energy 
 
10330 K 
 
CuAlBe 
poly-crystal 
[see, Part 
Four] 
 
373 K and 
1.73 d 
 
- - - 
 
5740 K 
 
CuAlBe 
single-
crystal 
 
373 K and 
0.62 d 
 
- - - 
 
12*10
3
 K 
 
- - - 
CuAlNi 
single-
crystal 
 
388 K and 20 
d (*) 
 
- - - 
 
1.4*10
4
 K (*) 
 
- - - 
(*) larger uncertainty 
 
Table 6
